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Abstract 
Some viruses possess the remarkable ability to transport their genomes across nuclear 
pore complexes (NPCs) for replication inside the host cell’s intact nuclear compartment. 
Viral mechanisms for crossing the restrictive NPC passageway are highly complex and 
astonishingly diverse, requiring in each case stepwise interaction between incoming virus 
particles and components of the nuclear transport machinery. Exactly how a large viral 
genome loaded with accessory proteins is able to pass through the relatively narrow central 
channel of the NPC without causing catastrophic structural damage is not yet fully 
understood. It appears likely, however, that the overall structure of the NPC changes in 
response to the cargo. Translocation may result in nucleic acids being misdelivered to the 
cytoplasm. Here we consider in detail the diverse strategies that viruses have evolved to 
target and subvert NPCs during infection. For decades, this process has both captivated and 
confounded researchers in the fields of virology, cell biology, and structural biology. 
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1. Introduction 
Virus particles from the inside out are composed of a core of nucleic acids and accessory 
factors, a bridge of cement-like capsid proteins, and a multifunctional coat that is sometimes 
covered in lipids and sugars [1, 2]. This hierarchy of metastable assembly networks 
intricately connects to form the virion. During cell entry, virions break down in a controlled, 
stepwise, gain-of-function process termed uncoating that aims to safely deliver the viral 
genome to the site of replication, which for this review is the nucleus [3-6] (see Fig. 1 for 
generic entry). 
Uncoating programs, like viral nuclear import, are complex and uniquely defined by the 
built-in mechanisms of the invading virion and the make-up and components of the target 
host cell. Regulated disassembly begins once a virus has located and firmly attached to the 
plasma membrane of a compatible cell by binding surface structures known as attachment 
factors and receptors [7]. Interactions with attachment factors are relatively nonspecific and 
serve to concentrate capsids at the surface of the cell, whereas receptor interactions are 
specific, induce conformational changes in the virion, and promote formation of 
glycolipoprotein microdomains that signal for internalization [8]. Viral capsids harbor 
multiple binding sites and will often engage more than one receptor in parallel or in series, 
which results in nearly irreversible binding. At the same time this helps to recruit the cellular 
uptake machinery. 
To move beyond the cell periphery, virus particles, often with receptors in tow, usurp 
endocytic pathways, which they exit in a timely manner to avoid lysosomal degradation [9]. 
Virion-carrying vesicles undergo maturation as they travel towards the perinuclear region. 
During this vesicular residence, confined capsids are exposed to chemical cues (e.g. low pH), 
facilitators (e.g. endosomal maturation factors), and topographical features that permit 
expedient escape to the cytoplasm [7]. Penetration of vesicle membranes, for enveloped 
viruses, involves membrane fusion, and for nonenveloped viruses, it involves pore formation 
or membrane lysis [10, 11]. Now the partially disassembled virus particles are in yet another 
environment, the cytosol, and there access the microtubule transport system, or move by 
other means, such as actin polymerization, to reach the nuclear envelope (NE) and eventually 
the NPC. It is at this time that intracellular uncoating factors often execute the final steps of 
disassembly so that genomes can be released for transport into the nucleus (see Table 1 
summary). 
 
2. The NPC as a selective gate to the nucleus 
NPCs function as selective, bidirectional portals that span the two membranes of the 
lamin-fortified NE in a way that allows control over transport into and out of the nucleus [12-
14]. NPCs (~ 2000-3000 per nucleus) organize randomly at the surface of the nucleus as 
octameric rings of protein via an inside-out extrusion mechanism that begins with inner 
membrane deformation and ends after fusion with the outer layer of the NE [15]. Assembly 
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involves the joining together of biochemically distinct and notably stable subcomplexes, the 
largest and best characterized being the Y complex, which serves as the essential scaffolding 
module of the NPC. The Y complex is anchored to the NE by a few different transmembrane 
Nups, and with the help of further scaffold and adaptor Nups, establishes the disordered 
phenylalanine-glycine (FG) permeability barrier located at the central passageway [16].  
Organized in this fashion, scaffold Nups have been shown to remain stably associated, 
with residence times of hours or days, whereas FG and other Nups have dwell times in the 
range of minutes [17, 18]. All in all, the rigid elements of the NPC architecture are held 
together by flexible linkers to form a complex that is ~ 110 nm wide x ~ 70 nm tall, and that 
has an unstructured central channel measuring ~ 40 nm in diameter, also referred to as the 
pore [19, 20]. Such space allows ions, metabolites, and small macromolecules no bigger than 
about 5 nm or roughly 40 kDa in size to diffuse freely, but requires that larger cargoes use 
receptor assistance for efficient nuclear import [21]. 
Three Nups have been mapped to the cytoplasmic edge of the pore. Nup214 and Nup88 
reside near the cytoplasmic opening of the pore. Purified Nup358 forms flexible ~ 36 nm 
long filaments and in the NPC is the main constituent of extensions that emanate into the 
perinuclear cytoplasmic region. On the nuclear side, eight filaments composed of Tpr, 
Nup50, and Nup153 join together to make a basket structure.  
NPCs are the most efficient traffic controllers found in nature, granting fast passage at a 
rate of ~ 1000 translocation events per second for small molecules and transport receptor 
(TR) bound cargoes, while at the same time rejecting nonspecific, wandering 
macromolecules [22]. Small molecule (< 40 kDa) movement into the nucleus is relatively 
straightforward, apparently requiring no input of chemical energy or assistance from soluble 
factors. Inappropriate cytoplasmic proteins that leak into the nucleus are efficiently 
recognized and expelled by CRM1 in an energy-dependent manner [23].   
 Larger-sized cargo needs an appropriate peptide NLS, and essential transporters (e.g., 
importins, exportins, transportins) and regulators (e.g., the small Ran GTPase) to guide NPC 
translocation [24]. Transporters recognize NLSs and form TR-cargo complexes, which upon 
associating have a high capacity to interact with FG Nups located at the periphery and lining 
the inside of the NPC. Regulators work in parallel at the NPC to modulate permeability, 
establish directionality, and release translocated cargo. The Ran GTPase tunes interactions 
that build or break TR-cargo complexes in a compartment specific manner. Recent 
experiments indicate that Ran itself can influence the permeability barrier of the NPC by 
dissolving a Nup153-impβ mesh located along the transport axis near the nuclear face [25]. 
The entire process of TF-cargo docking, passage, and release typically occurs on the 
order of a few milliseconds [26-28]. Conceptualizing and experimentally testing NPC 
transport models has proved exceedingly difficult, in large part because of the unstructured-
barrier Nups tethered throughout the pore. Not surprisingly, several models have been 
proposed to explain translocation speed and selectivity. In brief, it is believed that FG Nups 
achieve fast and selective transport either by organizing cohesively to form a sieve-like 
hydrogel, by functioning as repulsive bristles that entropically exclude, by collapsing in the 
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presence of TR-cargo complexes, or perhaps by a hybrid thereof [29-37]. From here on, we 
shift the focus to viruses, which have evolved mechanisms for nuclear import of their 
genomes. We survey the unique strategies that they use to import their large-sized genomes 
across NPCs. 
 
3. Viral NPC transport mechanisms: shape fitting and forced break-in  
Viruses that make use of the host cell`s nuclear compartment as a site for replication 
navigate the central channel of the NPC, or in the case of most retroviruses and 
papillomaviruses, rely on cell division to remove the NE barrier for nuclear transcription and 
replication [38-43]. The central channel of the NPC is a dynamic, selective, size-restricted, 
and crowded environment that at any given moment is loaded with fast moving cargo. That a 
virus can deliver a relatively large hydrophilic genome across a tight hydrophobic space and 
against a steep concentration gradient of host chromatin is an impressive feat, requiring a 
high level of coordination. 
Preparation for nuclear import begins the moment a virus binds at the cell surface and is 
internalized, with the entry route and viral coat ultimately setting the stage for how the 
incoming genome gets translocated. Virologists have put great effort into deciphering viral 
nuclear transport mechanisms, which differ in detail, but can be separated into two main 
categories: shape fitting and forced break-in. Shape fitting, much like it sounds, fits the shape 
of virus particles (HBV, AcMNPV, and AAV2), or subviral structures (IAV and SV40) to the 
shape of the NPC central passageway for nuclear entry. Forced break-in, on the other hand, 
occurs at the cytoplasmic opening of the pore, and involves tension and tugging to release 
encapsidated genomes (Ad5, HSV1, and HIV1) for import into the nucleus.  
Regardless of the pathway for intrusion, bulky viral genomes push the limits of transport 
capacity and increase the chances that something goes wrong with respect to NPC trafficking 
(for a first review on viral misdelivery at the NPC see [44]).  
Below we survey viral NPC transport mechanisms for eight viruses, covering in each case 
the current understanding of how they dock and deliver genomes into the nucleus for 
replication (Fig. 2). Additionally, where data is available, we will comment on the topic of 
genome misdelivery at the NPC, which in recent years has emerged as a potential major 
bottleneck for viruses during the entry phase of infection. 
3.1 Adenovirus Types 2 and 5 
The virion organization of Ad2 (human adenovirus species C type 2) and Ad5, which are 
very similar in terms of genetic makeup and infection biology, but have a distinct serology, is 
complex. The virion consists of three major (hexon, penton, and fiber) and four minor (IIIa, 
VI, VIII and IX) proteins that fit together to form a striking icosahedral shape [45, 46]. At the 
core of the nonenveloped capsid shell is a linear ~ 36 kb double-stranded DNA genome 
accompanied by five accessory proteins (V, VII, X, IVa2, and terminal protein) and viral 
protease. The core condenses into an unstructured fluid-like state based on cryo-ET maps of 
single, intact, nonicosahedrally averaged adenovirus particles analyzed by MD simulations 
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[47]. Virions are initially stiff with an internal pressure estimated at approximately 30 atm 
and start loosening at the five-fold vertex regions upon association with integrin αvβ5 [48, 
49].   
During entry, fiber, penton base, and minor proteins IIIa, VI, and VIII are released from 
the capsid [50]. To access the cytosol, incoming virions tune lipid composition at the plasma 
membrane and in endosomes [51]. Tuning is initiated by Ad2/5 engagement of receptors at 
the cell surface, which is accompanied by release of several copies of protein VI. Release of 
membrane lytic protein VI induces small lesions in the plasma membrane that trigger a host 
lysosomal exocytosis repair response resulting in release of acid sphingomyelinase and 
degradation of sphingomyelin to ceramide lipids. A ceramide-enriched membrane enhances 
viral endocytosis and boosts the ability of protein VI to rupture endosomes as shown by 
experiments with synthetic and cell-derived liposomes, and virion uptake assays. Single cell 
and single virion uptake assays showed that Ad2/5 penetrates into the cytosol independent of 
low endosomal pH [52]. Virions in the cytosol are then able to recruit dynein for transport to 
the nucleus 	  [50, 53-56].   
Once at the NE barrier, partially disassembled Ad2/5 capsids bind to NPCs via an interaction 
between the viral capsid protein hexon and an N-terminal region of cytoplasmically oriented 
Nup214 [57-59]. This allows the mega-dalton virus particle to latch on to the pore complex. 
Yet, the transport process is far from over as the ~ 92 nm capsid will not fit inside the 40 nm 
wide central channel, and hence so-called forced break-in is required. Here, outer surface 
minor capsid protein IX recruits the light chain of a kinesin-1 motor to Nup214-anchored 
virus, whereafter Nup358, which is adjacent to Nup214, initiates a forceful tug by activating 
the Kif5C heavy chain for motor movement on microtubules [60]. The resulting pull is strong 
enough to disassemble the virion on the spot and release the inner core polymer of DNA with 
associated protein VII and terminal protein for transport through NPCs. The loosely genome-
associated protein V is released before DNA import into the nucleus [61][62]. Incoming Ad5-
DNA labeled with ethynyl-modified cytosine (EdC) and adenosine (EdA) was the first 
incoming viral genome measured at single molecule resolution [63]. These studies showed 
that the incoming Ad5 capsids discharge their DNA contents upon reaching the NPC. Viral 
DNA translocation is supported by the NLS-containing domains of protein VII, which can 
strongly bind to nuclear transport receptors including importin-a, importin-b, importin-7, and 
transportin [64].  Notably, kinesin-1 mediated disassembly dislodges Nup214, Nup358, and 
Nup62 from the NPC, and in many cases viral DNA accumulates capsid-free in the cytosol 
[60, 65]. Misdelivery in this context may result from improper capsid docking or uncoating at 
the NPC, because of difficulties related to translocating the large and unwieldy fluid-like viral 
genome, or perhaps if the structural integrity of the transport passageway becomes 
compromised [44]. 
3.2 Influenza A Virus 
Influenza A virus (IAV) packages all of the viral components that are essential and 
sufficient for transcription and replication of its negative-sense, single-stranded RNA genome 
into eight segments, referred to as ribonucleoprotein (RNP) particles. Each RNP contains one 
copy of the heterotrimeric RNA-dependent RNA polymerase and the viral RNA wrapped 
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around oligomerized nucleoprotein (NP). Cryo-EM reconstructions have clarified that each 
segment folds into a double-stranded helical hairpin structure with helical turns containing 
around 120 to 150 RNA nucleotides. Major and minor grooves are supported by NPs 
throughout, and a single copy of the viral polymerase resides at the open end of the RNA 
hairpin [66, 67]. 
After being internalized, the eight RNPs, which are initially bundled together inside of 
incoming virion, get released from endocytic vesicles by the coordinated activities of the 
envelope glycoprotein HA and the M2 proton channel [68]. M2 renders the RNP core 
uncoating-competent by acidifying the M1 interior [69, 70]. In addition, M2 supports the 
conductance of potassium ions, and further weakens the virion interior so that RNPs are 
released after fusion with the limiting endosomal membrane [71-73]. The virion capsid 
protein M1 contains free C-terminal ubiquitin that is recognized by HDAC6 [74]. HDAC6 
serves as an adaptor for dynein-mediated transport of misfolded proteins towards the 
aggresomal degradation machinery and has also been shown to bind myosin II [75, 76]. In the 
context of IAV entry, it is thought that dynein pulls against a holding force by actomyosin 
and thereby leads to the disruption and dispersal of the M1 coat [74]. This is akin to a 
previously described mechanism for the disruption of Ad5 capsids by kinesin-1, which works 
against the holding force of the NPC [58, 60]. It is also akin to the stripping of the fibers from 
the incoming Ad5 particles at the plasma membrane by the pulling force of acto-myosin 
latching to the fiber receptor CAR (coxsackievirus adenovirus receptor) against the holding 
force of integrins binding to the capsid penton base [77]. Newly penetrated IAV RNPs 
thereby dissociate from M1 either as smaller subsets, or as individual rod-shaped segments, 
which are of the appropriate dimensions (a single rod is 10-15 nm in width by 30-120 nm in 
length) for passage through the NPC [78].  
Cytosolic RNPs appear to rely mainly on diffusive movement and multiple NLSs to dock 
and traffic through NPCs. Notably, each of the subunits of the polymerase bears NLS motifs, 
but it is the surface exposed 13 amino acid nonclassical NLS of NP, which is periodically 
displayed in high abundance, and binds different importin-a isoforms that is likely the 
dominant nuclear trafficking signal [79-87].  
Once importin-a adaptor proteins are in place, importin-b is recruited for RNP escort 
through the NPC central channel [88, 89]. Upon entering the nucleus, Ran-GTP binds and 
triggers release of the RNPs from TRs [90]. Interestingly, export studies have shown that 
IAV degrades Nup153, downregulates Nup98, and dislodges Nup62 for genome transport, 
suggesting that despite having a favorable shape, RNP transport places a considerable amount 
of stress on the NPC [91-93]. How this stress impacts import efficiency is not yet know, but 
live cell single-particle tracking experiments have revealed heterogeneous interactions 
between RNPs and NPCs with dwell times ranging from 1 to 100 seconds [94]. Such rate 
constants imply that at the least, IAV stalls at the NPC given that cellular cargo transport 
normally falls within the range of a few milliseconds [26]. 
3.3 Herpes Simplex Virus Type 1 
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Herpes simplex type 1 (HSV1) is an enveloped virus with a 125 nm icosahedral capsid, 
which protects a nucleoprotein core containing the 152 kbp linear double-stranded DNA viral 
genome. The T=16 capsid, which adopts the canonical HK97 fold, is built of the major 
structural protein VP5, which assembles into 150 hexons to form the shell and 11 pentons to 
pack at 11 vertices, while the 12th vertex contains the dodecameric pUL6 portal complex [95, 
96]. Associated with VP5 scaffolds are additional key components including hundreds of 
copies of heterotrimeric (triplex) VP19-VP23 cement lashed between the VP5 hexamers and 
pentamers, the 12 kDa hexon-capping protein VP26, and heterodimeric pUL17/pUL25, 
which binds to triplexes that are adjacent to pentons [97]. Beyond this, in the space between 
the capsid and the envelope, is the tegument of at least 23 viral encoded proteins that serve a 
number of functions during entry, replication, and egress [98].  
The majority of tegument proteins progressively dissociate from the capsid when the viral 
envelope fuses with either the plasma membrane or an endosomal membrane. Known 
exceptions of nondissociating tegument proteins are pUL36 and pUL37 which remain 
associated with the capsid during transport to the nucleus [99, 100]. To reach the nucleus, 
HSV1 uses HSP90 enhanced dynein-mediated microtubule minus end-directed transport, but 
precisely how this is orchestrated is not well understood [101]. VP26 has been shown to 
interact with dynein light chains RP3 and Tctex1 but binding is dispensable for transport to 
the microtubule-organizing center (MTOC) [102, 103].  
From the MTOC, pUL36 targets NPCs via a NLS motif adjacent to its N-terminal 
hydrolase domain [104]. NPC attachment is importin-b dependent and involves pUL36 and 
pUL25 interactions with FG repeat sequences in Nup214 and Nup358 [99, 105, 106]. Capsid 
component pUL25 and tegument pUL36 are located beside the pUL6 portal in the intact 
capsid, and thus these interactions likely help to properly align capsids at NPCs for genome 
import. The viral portal upon receiving appropriate signals will open and with concerted 
involvement of pUL36 and pUL25 the highly pressurized DNA gets released from inside the 
capsid where it has been concealed in a tightly wound coaxial spool configuration [105, 107, 
108]. The high internal pressure of tens of atmospheres is enough to eject a large fraction of 
the genome from the capsid, and this may be enough for a part of the genome to forcefully 
overcome the NPC permeability barrier to enter into the nucleus [109, 110]. 
3.4 Simian Virus 40 
Simian virus 40 (SV40) particles are comprised of VP1 chains that interweave and 
interlock to form a sturdy 50 nm capsid surrounding a ~ 5 kbp double-stranded circular DNA 
genome, which gets packaged into a chromatin-like structure with cellular histones H2A, 
H2B, H3, and H4 [111, 112]. The minor capsid proteins VP2 and VP3 serve as alternating 
anchor points for tethering the viral genome to the VP1 shell [113, 114].  
Endoplasmic reticulum (ER) localization is an essential feature of the SV40 life cycle as 
incoming capsids must make use of ER-resident factors in order to uncoat [115]. ER luminal 
proteins, including disulfide reductases ERdj5 and ERp57, along with protein-disulfide 
isomerase, work cooperatively to isomerize specific interchain disulfides (C9-C9 bond is 
reduced and reforms as C9-C104) in neighboring VP1 molecules, resulting in the release of a 
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subpopulation of pentamers from the SV40 capsid [116, 117]. Additionally, these host-
induced conformational changes expose the minor capsid proteins VP2 and VP3, generating a 
hydrophobic SV40 particle that is capable of associating with the ER membrane [118].  
For ER-to-cytoplasm transport, SV40 recruits HSP70 BiP, which holds the virus in a 
transport-competent state until the appropriate time when nucleotide exchange factor Grp170 
induces nucleotide exchange of BiP, releasing virus for immediate transport through the ER 
membrane [119, 120]. The penetration step occurs at specific foci where membrane-bound 
proteins (B12, B14, C18, and BAP31) facilitate ER-associated degradation (ERAD) 
retrotranslocation to the cytoplasm [121]. 
ER released capsids undergo further disassembly as calcium ions dissociate from VP1 
pentamer interfaces and interchain disulfides are destabilized in the reducing and low-
calcium environment of the cytosol [116, 122]. It is at this time that interiorly situated NLSs 
on genome associated VP2 and VP3 become exposed and are recognized by importin-a/b 
heterodimers for transport through NPCs [113, 123, 124]. Although active transport involves 
VP2 and VP3, it appears likely that a final uncoating event happens while the viral 
nucleoprotein complex shuttles along the NPC central channel axis based on the observation 
that viral DNA emerges in the nucleoplasm devoid of any capsid components [125]. 
3.5 Adeno-associated Virus Type 2 
The ~ 4.7 kb single-stranded genomic DNA of adeno-associated virus type 2 (AAV2) is 
made up of two genes that express four replication proteins and three capsid components via 
a helper-dependent viral life cycle that requires the presence of a helper virus such as 
adenovirus or herpesvirus [126]. The three structural subunits are synthesized in a 1:1:10 
ratio (VP1, VP2, and VP3, respectively) from a single open reading frame but they differ in 
their N-terminal extensions due to differential splicing (VP1) and alternative translational 
start sites (VP2 and VP3). Each of the coat proteins share a common structural motif, the 
jelly-roll β-barrel comprised of two antiparallel β-sheets, and 60 modules assemble together 
into a 26 nm T = 1 icosahedral shell characterized by having three elongated spikes 
surrounding the three-fold axes and narrow empty channels at the five-fold axes [127].  
AAV2 transport from cell surface to nucleus involves the so-called clathrin independent 
carrier/GPI-anchored-protein-enriched early endosomal compartment (CLIC/GEEC) pathway 
for tSNARE syntaxin 5 meditated retrograde trafficking to the trans-Golgi network 
(TGN)/Golgi apparatus [128, 129]. Escape to the cytoplasm is dependent on the endosomal-
to-TGN transport machinery and exposure of active phospholipase A2 (PLA2) domain in the 
VP1 N-terminus [130]. Timely extrusion of PLA2 through the channels at the capsid five-
fold vertices appears to be triggered by pH- and proteolytic cleavage-induced conformational 
changes, whereas activation of PLA2 occurs only after AAV2 particles have entered the 
calcium-rich compartments of the TGN/Golgi apparatus [129, 131-134]. 
Capsids released into the cytoplasm remain intact, but have undergone discrete 
conformational changes that expose three N-terminally located basic amino acid clusters with 
nuclear localization activity in capsid proteins VP1 and VP2 [135, 136]. These clusters 
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interact directly with impβ, which along with impα proteins and importin-7 facilitate NPC 
translocation. But how cytoplasmic capsids reach the NPC has remained unknown.  
Because the AAV2 capsid is only 26 nm in diameter, it can in principle enter the nucleus 
intact and then uncoat and release the viral genome. Superresolution data reveal that 
approximately 17% of incoming AAV2 capsids appear to traverse NPCs with an average 
import time of 54 ± 29 ms (half that measured for abortive events) suggesting that NPCs or 
upstream transport or uncoating steps may be a bottleneck to AAV replication [137].     
3.6 Human Immunodeficiency Virus Type 1 
The envelope spike gp120/gp41 of human immunodeficiency virus type 1 (HIV1) uses 
CD4-induced conformational changes to promote productive cell surface attachment and to 
facilitate energetically stable fusion between viral and host cell membranes, which results in 
the release of capsid cores into the cytosol of mainly CD4+ T lymphocytes and macrophages 
[138, 139]. Mature fullerene cone-shaped cores consist of approximately 1500 copies of 
capsid protein (CA), which organize as linked hexamers to form a hexagonal surface lattice 
that is acutely bent into canonical form by incorporation of 12 CA pentamers [140]. Inside 
the capsid resides the viral genome, a 9.2 kb homodimer of single-stranded RNA, plus viral 
enzymes, such as reverse transcriptase, integrase, and protease.  
The CA coat is semi-permeable creating a protected microcompartment for reverse 
transcription during cytoplasmic transit [141]. Each CA hexamer contains a central, size-
selective, strongly electropositive (arginine-rich) pore that opens with iris-like motion for 
rapid uptake of nucleotides so that genomes can be reverse transcribed in viral shells while 
they move along microtubules in a dynein/kinesin-1 dependent, MAP1/FEZ1 promoted 
manner [141-143]. Nascent polymerized viral DNA likely induces considerable stress on 
incoming capsids by the time they reach the nucleus. 
Binding of HIV1 capsid cores to NPCs involves interaction between the N-terminal 
surface exposed CypA binding loop in viral CA and the cyclophilin domain at the tip of 
filament Nup358 [144]. Other FG regions of Nup358 may play a role in docking HIV1 at the 
cytoplasmic face of NPCs, however, experiments have ruled out involvement of adjacent 
Nup214 [145]. Uncoating of NPC-anchored virus requires intact microtubules and appears to 
be driven by concerted actions of Kif5B and Nup358 [146, 147]. Such action, akin to Ad5 
capsid disruption by Kif-5C [60] may provide the force necessary to destabilize and downsize 
the core for passage through the NPC, but may not fully remove all of the CA from virus 
particles [148, 149].  
CA-associating factors CypA and CPSF6 may play a critical role in guiding interactions 
between HIV1 and nuclear import components including Nup358, transportin-3, and Nup153 
[150-152]. Following arrival at the nucleoplasmic side of the NPC, Nup153 assists HIV1 
with exiting the nuclear basket and with targeting transcriptionally active chromatin possibly 
in concert with Nup98 [145]. Recent EdU click-labeling immunofluorescence experiments 
have shown that over half of HIV1 cDNA accumulates as capsid-free dead-end products in 
the cytoplasm during infection of primary human monocyte-derived macrophages (MDM) 
[149]. Some fraction of these capsid-free genomes may be misdelivered at the stage of NPC 
	  	   10	  
transport. One intriguing possibility that is currently under debate is that interferon-induced 
myxovirus resistance protein 2 (also referred to as MxB) restricts HIV1 at the NPC by 
targeting the capsid lattice in a manner that inhibits uncoating at the NPC or import through 
the FG-lined central channel [153-157].  
3.7 Autographa Californica Multiple Nucleopolyhedrovirus 
Autographa Californica Multiple Nucleopolyhedrovirus (AcMNPV) infects a wide 
variety of invertebrates (e.g., moths, mosquitoes, and shrimp) with a double-stranded circular 
DNA genome of approximately 130 kbp in size that contains more than 150 open-reading 
frames. The viral replication cycle is complex, and involves two types of virions: one is 
occluded and adapted for stability outside of the host and initiates infection in midgut cells 
(columnar epithelial and regenerative cells), whereas the other is a budded virion that is 
critical for cell-to-cell spread [158].  
The nucleocapsid of AcMNPV is rod-shaped and consists of an apical cap, a cylindrical 
sheath, and a basal structure [159]. Sheath assembly is catalyzed on the basal structure and 
apical cap mediates genome insertion into preformed capsids [160]. The tubular capsid shell 
is composed of nine or more proteins with the major structural building block being VP39. 
Viral DNA undergoes protamine-induced condensation by associating with dephosphorylated 
6.9K protein to fit inside preassembled capsids, and later release at the site of replication in 
the nuclear compartment occurs following rephosphorylation of 6.9K by a capsid-associated 
kinase [161-163].  
Viruses considered thus far move intracellular by microtubule-based mechanisms or 
diffusion, but AcMNPV uses actin-based motility [164]. Here, cytoplasmic nucleocapsids 
cause actin to polymerize at one end of the virion, the basal structure, when VP78/83 directly 
activate the actin nucleation Arp2/3 complex [165]. Activation results in rapid emergence of 
fishbone-like arrays of actin filaments with plus ends oriented toward viral capsids so that 
fast polymerization causes forward movement. This is akin to actin tail formation on 
cytoplasmic listeria, shigella, or rickettsia bacteria, as well as on the plasma membrane 
underlying extracellular vaccinia virions [166-168].  
Exactly how AcMNPV targets NPCs for transport is not understood but translocation of 
intact nucleocapsids (30 x 250-300 nm) appears to occur independently of the Ran-GTPase 
cycle, and requires actin-based propulsion mediated by Arp2/3, as well as nucleocapsid-
associated Ac132 [169, 170]. Nucleocapsids cross NPCs lengthwise with the distal end 
containing the actin-assembly inducing VP78/83. It is currently thought that actin propulsive 
forces are strong enough to breach the FG permeability barrier of the central channel [171].    
3.8 Hepatitis B Virus 
Hepatitis B virus (HBV) possesses one of the smallest known fully replication competent 
genomes among animal viruses – a partially double-stranded DNA molecule of less than 
3,200 nucleotides in length. The infectious enveloped virion is a spherical particle of 
approximately 42 nm in diameter, with an inner genome-containing icosahedral capsid 
composed of a single polypeptide called the core antigen (HBcAg). HBcAg polypeptides are 
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rich in α-helices and dimerize by pairing of α-helical hairpins between neighboring subunits 
to form a four-helix bundle fold that is in a capsid [172-174]. In this way, dimeric HBcAg 
spontaneously self-assembles to form the protective shell surrounding the viral genome. 
Initially, a HBV genome is added to assembling shells as single-stranded RNA entities 
that get retro-transcribed within the core, akin to incoming HIV capsids [141], leading to 
synthesis of circular dsDNA from the linear pregenomic RNA [175-177]. The local packing 
of subunits in HBV virions is such that there are large pores in the capsid surface that allow 
nucleotides to diffuse in and out [178, 179]. Afterwards DNA-containing capsids become 
enveloped by membranes containing viral glycoprotein surface antigen, of which there are 
three size variants the large (L), medium (M), and small (S) proteins, to yield the completely 
assembled and infectious virion [180-182].  
Infection occurs by endocytic uptake and pH-independent membrane fusion, after which, 
capsids are released to the cytoplasm where they use active microtubule-mediated transport to 
accumulate at the NE [183, 184].  
HBV nucleocapsids, like AAV2 and AcMNPV, are small enough in diameter (27 nm) to 
pass directly through the NPC and do so by interacting with nuclear transport receptors 
importin-a and importin-b [185]. Here, phosphorylation of HBcAg capsid protein and/or 
genome maturation appears to induce exposure of two C-terminal arginine-rich NLSs that 
mediate binding and translocation of intact virus particles at NPCs via the importin-a/b 
pathway [185, 186]. Translocated HBV-TR complexes bind to nuclear basket Nup153, after 
which disassembly proceeds by an unknown mechanism, resulting in the release of viral 
genomes and their accompanying polymerases into the nucleus [186]. Notably, uncoating is 
restricted to capsids with a mature genome, whereas so-called immature virus is able to cross 
the NPC but remains trapped in the nuclear basket until genomes are ‘matured’ for release. 
This phenotype is reminiscent of immature adenovirus TS1 particles which fail to initiate 
their uncoating process and do not activate their membrane lytic protein VI owing to lack of 
sufficient internal pressure to react to the mechanical uncoating cues from the surface 
receptors of the virion [7, 8]. 
 
4. Conclusions 
Understanding how viruses dock and deliver at NPCs will continue to be an exciting and 
challenging topic to study for years to come. Based on a rich record of virus research in cell 
biology, it will yield new and unexpected information about NPC structure and function, as 
well as inform new ways of controlling viral infections to improve human and animal health. 
Over the past decades, progress in understanding viral NPC transport mechanisms has been 
spectacular, however the story is still incomplete and key questions remain. For example, 
does the NPC scaffold undergo major structural rearrangements to widen for passage of large 
viral cargoes and if so, what are the molecular signals that trigger conformational change? 
Also, from a virology and gene therapy point of view, what are the causes and consequences 
of viral genome misdelivery at NPCs for both viruses and host cells? To advance our 
knowledge of virus-NPC interactions and their dynamics, scientists from different 
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backgrounds working collaboratively will span resolutions ranging from the atomic level up 
to that of the cell. 
 
Acknowledgements 
The work was supported by the Human Frontiers in Science Program (HFSP grant 
LT000348/2014-L to J.W.F.) and the Swiss National Science Foundation (grant 
310030B_160316 to U.F.G.) 
 
References 
1.	   Abrescia,	   N.G.,	   et	   al.,	   Structure	   unifies	   the	   viral	   universe.	   Annu	   Rev	   Biochem,	   2012.	  81:	   p.	  
795-­‐822.	  
2.	   Prasad,	  B.V.	  and	  M.F.	  Schmid,	  Principles	  of	  virus	  structural	  organization.	  Adv	  Exp	  Med	  Biol,	  
2012.	  726:	  p.	  17-­‐47.	  
3.	   Marsh,	  M.	  and	  A.	  Helenius,	  Virus	  entry:	  open	  sesame.	  Cell,	  2006.	  124(4):	  p.	  729-­‐40.	  
4.	   Greber,	   U.F.,	   I.	   Singh,	   and	   A.	   Helenius,	  Mechanisms	   of	   virus	   uncoating.	   Trends	  Microbiol,	  
1994.	  2(2):	  p.	  52-­‐6.	  
5.	   Whittaker,	  G.R.,	  M.	  Kann,	  and	  A.	  Helenius,	  Viral	   entry	   into	   the	  nucleus.	  Annu	  Rev	  Cell	  Dev	  
Biol,	  2000.	  16:	  p.	  627-­‐51.	  
6.	   Kilcher,	  S.	  and	  J.	  Mercer,	  DNA	  virus	  uncoating.	  Virology,	  2015.	  479-­‐480:	  p.	  578-­‐90.	  
7.	   Yamauchi,	   Y.	   and	   U.F.	   Greber,	   Principles	   of	   Virus	   Uncoating:	   Cues	   and	   the	   Snooker	   Ball.	  
Traffic,	  2016.	  17(6):	  p.	  569-­‐92.	  
8.	   Greber,	   U.F.,	   Virus	   and	   Host	   Mechanics	   Support	   Membrane	   Penetration	   and	   Cell	   Entry.	   J	  
Virol,	  2016.	  90(8):	  p.	  3802-­‐5.	  
9.	   Mercer,	   J.,	  M.	   Schelhaas,	   and	  A.	   Helenius,	  Virus	   entry	   by	   endocytosis.	   Annu	   Rev	   Biochem,	  
2010.	  79:	  p.	  803-­‐33.	  
10.	   White,	   J.M.	   and	   G.R.	  Whittaker,	   Fusion	   of	   Enveloped	   Viruses	   in	   Endosomes.	   Traffic,	   2016.	  
17(6):	  p.	  593-­‐614.	  
11.	   Moyer,	  C.L.	  and	  G.R.	  Nemerow,	  Viral	  weapons	  of	  membrane	  destruction:	  variable	  modes	  of	  
membrane	  penetration	  by	  non-­‐enveloped	  viruses.	  Curr	  Opin	  Virol,	  2011.	  1(1):	  p.	  44-­‐9.	  
12.	   Suntharalingam,	   M.	   and	   S.R.	   Wente,	   Peering	   through	   the	   pore:	   nuclear	   pore	   complex	  
structure,	  assembly,	  and	  function.	  Dev	  Cell,	  2003.	  4(6):	  p.	  775-­‐89.	  
13.	   Wente,	   S.R.	   and	  M.P.	   Rout,	   The	   nuclear	   pore	   complex	   and	   nuclear	   transport.	   Cold	   Spring	  
Harb	  Perspect	  Biol,	  2010.	  2(10):	  p.	  a000562.	  
14.	   Knockenhauer,	  K.E.	  and	  T.U.	  Schwartz,	  The	  Nuclear	  Pore	  Complex	  as	  a	  Flexible	  and	  Dynamic	  
Gate.	  Cell,	  2016.	  164(6):	  p.	  1162-­‐71.	  
15.	   Otsuka,	  S.,	  et	  al.,	  Nuclear	  pore	  assembly	  proceeds	  by	  an	   inside-­‐out	  extrusion	  of	  the	  nuclear	  
envelope.	  Elife,	  2016.	  5.	  
16.	   Hoelz,	  A.,	  E.W.	  Debler,	  and	  G.	  Blobel,	  The	  structure	  of	  the	  nuclear	  pore	  complex.	  Annu	  Rev	  
Biochem,	  2011.	  80:	  p.	  613-­‐43.	  
17.	   Morchoisne-­‐Bolhy,	   S.,	   et	   al.,	   Intranuclear	   dynamics	   of	   the	   Nup107-­‐160	   complex.	   Mol	   Biol	  
Cell,	  2015.	  26(12):	  p.	  2343-­‐56.	  
18.	   Rabut,	  G.,	  V.	  Doye,	  and	  J.	  Ellenberg,	  Mapping	  the	  dynamic	  organization	  of	  the	  nuclear	  pore	  
complex	  inside	  single	  living	  cells.	  Nat	  Cell	  Biol,	  2004.	  6(11):	  p.	  1114-­‐21.	  
19.	   Kosinski,	  J.,	  et	  al.,	  Molecular	  architecture	  of	  the	  inner	  ring	  scaffold	  of	  the	  human	  nuclear	  pore	  
complex.	  Science,	  2016.	  352(6283):	  p.	  363-­‐5.	  
20.	   Eibauer,	  M.,	  et	  al.,	  Structure	  and	  gating	  of	  the	  nuclear	  pore	  complex.	  Nat	  Commun,	  2015.	  6:	  
p.	  7532.	  
	  	   13	  
21.	   Pante,	   N.	   and	   M.	   Kann,	   Nuclear	   pore	   complex	   is	   able	   to	   transport	   macromolecules	   with	  
diameters	  of	  about	  39	  nm.	  Mol	  Biol	  Cell,	  2002.	  13(2):	  p.	  425-­‐34.	  
22.	   Ribbeck,	  K.	  and	  D.	  Gorlich,	  Kinetic	  analysis	  of	  translocation	  through	  nuclear	  pore	  complexes.	  
EMBO	  J,	  2001.	  20(6):	  p.	  1320-­‐30.	  
23.	   Kirli,	   K.,	   et	   al.,	   A	   deep	   proteomics	   perspective	   on	   CRM1-­‐mediated	   nuclear	   export	   and	  
nucleocytoplasmic	  partitioning.	  Elife,	  2015.	  4.	  
24.	   Stewart,	   M.,	   Molecular	   mechanism	   of	   the	   nuclear	   protein	   import	   cycle.	   Nature	   Reviews	  
Molecular	  Cell	  Biology,	  2007.	  8(3):	  p.	  195-­‐208.	  
25.	   Lowe,	  A.R.,	  et	  al.,	  Importin-­‐beta	  modulates	  the	  permeability	  of	  the	  nuclear	  pore	  complex	  in	  a	  
Ran-­‐dependent	  manner.	  Elife,	  2015.	  4.	  
26.	   Dange,	   T.,	   et	   al.,	   Autonomy	   and	   robustness	   of	   translocation	   through	   the	   nuclear	   pore	  
complex:	  a	  single-­‐molecule	  study.	  Journal	  of	  Cell	  Biology,	  2008.	  183(1):	  p.	  77-­‐86.	  
27.	   Mincer,	  J.S.	  and	  S.M.	  Simon,	  Simulations	  of	  nuclear	  pore	  transport	  yield	  mechanistic	  insights	  
and	  quantitative	  predictions.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  
States	  of	  America,	  2011.	  108(31):	  p.	  E351-­‐E358.	  
28.	   Sun,	  C.,	  et	  al.,	  Single-­‐molecule	  measurements	  of	   importin	  alpha/cargo	  complex	  dissociation	  
at	  the	  nuclear	  pore.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  
America,	  2008.	  105(25):	  p.	  8613-­‐8618.	  
29.	   Frey,	  S.,	  R.P.	  Richter,	  and	  D.	  Goerlich,	  FG-­‐rich	  repeats	  of	  nuclear	  pore	  proteins	  form	  a	  three-­‐
dimensional	  meshwork	  with	  hydrogel-­‐like	  properties.	  Science,	  2006.	  314(5800):	  p.	  815-­‐817.	  
30.	   Ader,	  C.,	  et	  al.,	  Amyloid-­‐like	  interactions	  within	  nucleoporin	  FG	  hydrogels.	  Proceedings	  of	  the	  
National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  2010.	  107(14):	  p.	  6281-­‐6285.	  
31.	   Frey,	   S.	   and	   D.	   Gorlich,	   A	   saturated	   FG-­‐repeat	   hydrogel	   can	   reproduce	   the	   permeability	  
properties	  of	  nuclear	  pore	  complexes.	  Cell,	  2007.	  130(3):	  p.	  512-­‐523.	  
32.	   Gamini,	  R.,	  et	  al.,	  Assembly	  of	  Nsp1	  Nucleoporins	  Provides	  Insight	  into	  Nuclear	  Pore	  Complex	  
Gating.	  Plos	  Computational	  Biology,	  2014.	  10(3).	  
33.	   Rout,	   M.P.,	   et	   al.,	   Virtual	   gating	   and	   nuclear	   transport:	   the	   hole	   picture.	   Trends	   in	   Cell	  
Biology,	  2003.	  13(12):	  p.	  622-­‐628.	  
34.	   Rout,	  M.P.,	  et	  al.,	  The	  yeast	  nuclear	  pore	  complex:	  Composition,	  architecture,	  and	  transport	  
mechanism.	  Journal	  of	  Cell	  Biology,	  2000.	  148(4):	  p.	  635-­‐651.	  
35.	   Peters,	   R.,	   Translocation	   through	   the	   nuclear	   pore	   complex:	   Selectivity	   and	   speed	   by	  
reduction-­‐of-­‐dimensionality.	  Traffic,	  2005.	  6(5):	  p.	  421-­‐427.	  
36.	   Lim,	   R.Y.H.,	   et	   al.,	   Flexible	   phenylalanine-­‐glycine	   nucleoporins	   as	   entropic	   barriers	   to	  
nucleocytoplasmic	  transport.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  
States	  of	  America,	  2006.	  103(25):	  p.	  9512-­‐9517.	  
37.	   Yamada,	   J.,	   et	   al.,	   A	   Bimodal	   Distribution	   of	   Two	   Distinct	   Categories	   of	   Intrinsically	  
Disordered	   Structures	   with	   Separate	   Functions	   in	   FG	   Nucleoporins.	   Molecular	   &	   Cellular	  
Proteomics,	  2010.	  9(10):	  p.	  2205-­‐2224.	  
38.	   Aydin,	  I.,	  et	  al.,	  Large	  scale	  RNAi	  reveals	  the	  requirement	  of	  nuclear	  envelope	  breakdown	  for	  
nuclear	  import	  of	  human	  papillomaviruses.	  PLoS	  Pathog,	  2014.	  10(5):	  p.	  e1004162.	  
39.	   Roe,	   T.Y.,	   et	   al.,	   Integration	   of	   Murine	   Leukemia-­‐Virus	   DNA	   Depends	   on	   Mitosis.	   Embo	  
Journal,	  1993.	  12(5):	  p.	  2099-­‐2108.	  
40.	   Harel,	   J.,	   E.	   Rassart,	   and	   P.	   Jolicoeur,	   Cell-­‐Cycle	   Dependence	   of	   Synthesis	   of	   Unintegrated	  
Viral-­‐DNA	  in	  Mouse	  Cells	  Newly	  Infected	  with	  Murine	  Leukemia-­‐Virus.	  Virology,	  1981.	  110(1):	  
p.	  202-­‐207.	  
41.	   Miller,	  D.G.,	  M.A.	  Adam,	  and	  A.D.	  Miller,	  Gene-­‐Transfer	  by	  Retrovirus	  Vectors	  Occurs	  Only	  in	  
Cells	  That	  Are	  Actively	  Replicating	  at	   the	  Time	  of	   Infection.	  Molecular	  and	  Cellular	  Biology,	  
1990.	  10(8):	  p.	  4239-­‐4242.	  
42.	   Lewis,	  P.F.	  and	  M.	  Emerman,	  Passage	  through	  Mitosis	   Is	  Required	  for	  Oncoretroviruses	  but	  
Not	  for	  the	  Human-­‐Immunodeficiency-­‐Virus.	  Journal	  of	  Virology,	  1994.	  68(1):	  p.	  510-­‐516.	  
43.	   Hatziioannou,	  T.	  and	  S.P.	  Goff,	  Infection	  of	  nondividing	  cells	  by	  rous	  sarcoma	  virus.	  Journal	  of	  
Virology,	  2001.	  75(19):	  p.	  9526-­‐9531.	  
	  	   14	  
44.	   Flatt,	  J.W.	  and	  U.F.	  Greber,	  Misdelivery	  at	  the	  Nuclear	  Pore	  Complex-­‐Stopping	  a	  Virus	  Dead	  
in	  Its	  Tracks.	  Cells,	  2015.	  4(3):	  p.	  277-­‐96.	  
45.	   Reddy,	   V.S.,	   et	   al.,	   Crystal	   Structure	   of	   Human	   Adenovirus	   at	   3.5	   angstrom	   Resolution.	  
Science,	  2010.	  329(5995):	  p.	  1071-­‐1075.	  
46.	   Liu,	   H.R.,	   et	   al.,	   Atomic	   Structure	   of	   Human	   Adenovirus	   by	   Cryo-­‐EM	   Reveals	   Interactions	  
Among	  Protein	  Networks.	  Science,	  2010.	  329(5995):	  p.	  1038-­‐1043.	  
47.	   Perez-­‐Berna,	  A.J.,	  et	  al.,	  Distribution	  of	  DNA-­‐condensing	  protein	  complexes	  in	  the	  adenovirus	  
core.	  Nucleic	  Acids	  Research,	  2015.	  43(8):	  p.	  4274-­‐4283.	  
48.	   Snijder,	  J.,	  et	  al.,	  Integrin	  and	  defensin	  modulate	  the	  mechanical	  properties	  of	  adenovirus.	  J	  
Virol,	  2013.	  87(5):	  p.	  2756-­‐66.	  
49.	   Ortega-­‐Esteban,	   A.,	   et	   al.,	   Fluorescence	   Tracking	   of	   Genome	   Release	   during	   Mechanical	  
Unpacking	  of	  Single	  Viruses.	  Acs	  Nano,	  2015.	  9(11):	  p.	  10571-­‐10579.	  
50.	   Greber,	  U.F.,	  et	  al.,	  Stepwise	  Dismantling	  of	  Adenovirus-­‐2	  during	  Entry	  into	  Cells.	  Cell,	  1993.	  
75(3):	  p.	  477-­‐486.	  
51.	   Luisoni,	  S.,	  et	  al.,	  Co-­‐option	  of	  Membrane	  Wounding	  Enables	  Virus	  Penetration	  into	  Cells.	  Cell	  
Host	  &	  Microbe,	  2015.	  18(1):	  p.	  75-­‐85.	  
52.	   Suomalainen,	  M.,	   et	   al.,	  A	   direct	   and	   versatile	   assay	  measuring	  membrane	   penetration	   of	  
adenovirus	  in	  single	  cells.	  J	  Virol,	  2013.	  87(22):	  p.	  12367-­‐79.	  
53.	   Scherer,	   J.	   and	   R.B.	   Vallee,	   Conformational	   Changes	   in	   the	   Adenovirus	   Hexon	   Subunit	  
Responsible	  for	  Regulating	  Cytoplasmic	  Dynein	  Recruitment.	  Journal	  of	  Virology,	  2015.	  89(2):	  
p.	  1013-­‐1023.	  
54.	   Bremner,	  K.H.,	  et	  al.,	  Adenovirus	  transport	  via	  direct	   interaction	  of	  cytoplasmic	  dynein	  with	  
the	  viral	  capsid	  hexon	  subunit.	  Cell	  Host	  Microbe,	  2009.	  6(6):	  p.	  523-­‐35.	  
55.	   Suomalainen,	  M.,	  et	  al.,	  Microtubule-­‐dependent	  plus-­‐	  and	  minus	  end-­‐directed	  motilities	  are	  
competing	  processes	  for	  nuclear	  targeting	  of	  adenovirus.	  J	  Cell	  Biol,	  1999.	  144(4):	  p.	  657-­‐72.	  
56.	   Leopold,	  P.L.,	  et	  al.,	  Dynein-­‐	  and	  microtubule-­‐mediated	  translocation	  of	  adenovirus	  serotype	  
5	  occurs	  after	  endosomal	  lysis.	  Human	  gene	  therapy,	  2000.	  11:	  p.	  151-­‐65.	  
57.	   Cassany,	   A.,	   et	   al.,	  Nuclear	   import	   of	   adenovirus	   DNA	   involves	   direct	   interaction	   of	   hexon	  
with	  an	  N-­‐terminal	  domain	  of	  the	  nucleoporin	  Nup214.	  J	  Virol,	  2015.	  89(3):	  p.	  1719-­‐30.	  
58.	   Trotman,	  L.C.,	  et	  al.,	   Import	  of	  adenovirus	  DNA	   involves	   the	  nuclear	  pore	  complex	  receptor	  
CAN/Nup214	  and	  histone	  H1.	  Nat	  Cell	  Biol,	  2001.	  3(12):	  p.	  1092-­‐100.	  
59.	   Greber,	  U.F.,	  et	  al.,	  The	  role	  of	  the	  nuclear	  pore	  complex	  in	  adenovirus	  DNA	  entry.	  EMBO	  J,	  
1997.	  16(19):	  p.	  5998-­‐6007.	  
60.	   Strunze,	  S.,	  et	  al.,	  Kinesin-­‐1-­‐mediated	  capsid	  disassembly	  and	  disruption	  of	  the	  nuclear	  pore	  
complex	  promote	  virus	  infection.	  Cell	  Host	  Microbe,	  2011.	  10(3):	  p.	  210-­‐23.	  
61.	   Puntener,	   D.,	   et	   al.,	   Stepwise	   Loss	   of	   Fluorescent	   Core	   Protein	   V	   from	   Human	   Adenovirus	  
during	  Entry	  into	  Cells.	  Journal	  of	  Virology,	  2011.	  85(1):	  p.	  481-­‐496.	  
62.	   Puntener,	   D.,	   et	   al.,	   Stepwise	   loss	   of	   fluorescent	   core	   protein	   V	   from	   human	   adenovirus	  
during	  entry	  into	  cells.	  J	  Virol,	  2011.	  85(1):	  p.	  481-­‐96.	  
63.	   Wang,	  I.H.,	  et	  al.,	  Tracking	  viral	  genomes	  in	  host	  cells	  at	  single-­‐molecule	  resolution.	  Cell	  Host	  
Microbe,	  2013.	  14(4):	  p.	  468-­‐80.	  
64.	   Wodrich,	  H.,	  et	  al.,	  Adenovirus	  core	  protein	  pVII	  is	  translocated	  into	  the	  nucleus	  by	  multiple	  
import	  receptor	  pathways.	  Journal	  of	  Virology,	  2006.	  80(19):	  p.	  9608-­‐9618.	  
65.	   Wang,	   I.H.,	   et	   al.,	  Tracking	  Viral	  Genomes	   in	  Host	   Cells	   at	   Single-­‐Molecule	   Resolution.	   Cell	  
Host	  &	  Microbe,	  2013.	  14(4):	  p.	  468-­‐480.	  
66.	   Coloma,	   R.,	   et	   al.,	   The	   Structure	   of	   a	   Biologically	   Active	   Influenza	   Virus	   Ribonucleoprotein	  
Complex.	  Plos	  Pathogens,	  2009.	  5(6).	  
67.	   Moeller,	  A.,	  et	  al.,	  Organization	  of	  the	  Influenza	  Virus	  Replication	  Machinery.	  Science,	  2012.	  
338(6114):	  p.	  1631-­‐1634.	  
68.	   Greber,	   U.F.,	  How	   Cells	   Tune	   Viral	   Mechanics-­‐Insights	   from	   Biophysical	   Measurements	   of	  
Influenza	  Virus.	  Biophysical	  Journal,	  2014.	  106(11):	  p.	  2317-­‐2321.	  
69.	   Bui,	  M.,	  G.	  Whittaker,	  and	  A.	  Helenius,	  Effect	  of	  M1	  protein	  and	  low	  pH	  on	  nuclear	  transport	  
of	  influenza	  virus	  ribonucleoproteins.	  Journal	  of	  Virology,	  1996.	  70(12):	  p.	  8391-­‐8401.	  
	  	   15	  
70.	   Chizhmakov,	   I.,	   et	   al.,	  pH	   regulation	  of	   the	  proton	   conductance	  of	   channels	   formed	  by	  M2	  
proteins	  of	  influenza	  A	  viruses.	  Biophysical	  Journal,	  1997.	  72(2):	  p.	  Wpo96-­‐Wpo96.	  
71.	   Maeda,	   T.,	   K.	   Kawasaki,	   and	   S.	   Ohnishi,	   Interaction	   of	   Influenza-­‐Virus	   Hemagglutinin	   with	  
Target	   Membrane-­‐Lipids	   Is	   a	   Key	   Step	   in	   Virus-­‐Induced	   Hemolysis	   and	   Fusion	   at	   Ph	   5.2.	  
Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America-­‐Biological	  
Sciences,	  1981.	  78(7):	  p.	  4133-­‐4137.	  
72.	   Ivanovic,	  T.,	  et	  al.,	  Influenza-­‐virus	  membrane	  fusion	  by	  cooperative	  fold-­‐back	  of	  stochastically	  
induced	  hemagglutinin	  intermediates.	  Elife,	  2013.	  2.	  
73.	   Stauffer,	  S.,	  et	  al.,	  Stepwise	  Priming	  by	  Acidic	  pH	  and	  a	  High	  K+	  Concentration	  Is	  Required	  for	  
Efficient	  Uncoating	   of	   Influenza	  A	  Virus	   Cores	   after	   Penetration.	   Journal	   of	   Virology,	   2014.	  
88(22):	  p.	  13029-­‐13046.	  
74.	   Banerjee,	   I.,	  et	  al.,	   Influenza	  A	  virus	  uses	  the	  aggresome	  processing	  machinery	   for	  host	  cell	  
entry.	  Science,	  2014.	  346(6208):	  p.	  473-­‐477.	  
75.	   Kawaguchi,	   Y.,	   et	   al.,	   The	   deacetylase	   HDAC6	   regulates	   aggresome	   formation	   and	   cell	  
viability	  in	  response	  to	  misfolded	  protein	  stress.	  Cell,	  2003.	  115(6):	  p.	  727-­‐38.	  
76.	   Hao,	   R.,	   et	   al.,	   Proteasomes	   activate	   aggresome	   disassembly	   and	   clearance	   by	   producing	  
unanchored	  ubiquitin	  chains.	  Mol	  Cell,	  2013.	  51(6):	  p.	  819-­‐28.	  
77.	   Burckhardt,	   C.J.,	   et	   al.,	   Drifting	   Motions	   of	   the	   Adenovirus	   Receptor	   CAR	   and	   Immobile	  
Integrins	   Initiate	   Virus	   Uncoating	   and	   Membrane	   Lytic	   Protein	   Exposure.	   Cell	   Host	   &	  
Microbe,	  2011.	  10(2):	  p.	  105-­‐117.	  
78.	   Rudnicka,	   A.	   and	   Y.	   Yamauchi,	   Ubiquitin	   in	   Influenza	   Virus	   Entry	   and	   Innate	   Immunity.	  
Viruses-­‐Basel,	  2016.	  8(10).	  
79.	   Tarendeau,	   F.,	   et	   al.,	   Structure	   and	   nuclear	   import	   function	   of	   the	   C-­‐terminal	   domain	   of	  
influenza	  virus	  polymerase	  PB2	  subunit.	  Nature	  Structural	  &	  Molecular	  Biology,	  2007.	  14(3):	  
p.	  229-­‐233.	  
80.	   Nath,	  S.T.	  and	  D.P.	  Nayak,	  Function	  of	  two	  discrete	  regions	  is	  required	  for	  nuclear	  localization	  
of	   polymerase	   basic	   protein	   1	   of	   A/WSN/33	   influenza	   virus	   (H1	   N1).	   Mol	   Cell	   Biol,	   1990.	  
10(8):	  p.	  4139-­‐45.	  
81.	   Fodor,	  E.	  and	  M.	  Smith,	  The	  PA	  subunit	  is	  required	  for	  efficient	  nuclear	  accumulation	  of	  the	  
PB1	  subunit	  of	  the	  influenza	  A	  virus	  RNA	  polymerase	  complex.	  J	  Virol,	  2004.	  78(17):	  p.	  9144-­‐
53.	  
82.	   Neumann,	  G.,	  M.R.	  Castrucci,	  and	  Y.	  Kawaoka,	  Nuclear	  import	  and	  export	  of	   influenza	  virus	  
nucleoprotein.	  J	  Virol,	  1997.	  71(12):	  p.	  9690-­‐700.	  
83.	   Wang,	  P.,	  P.	  Palese,	  and	  R.E.	  O'Neill,	  The	  NPI-­‐1/NPI-­‐3	  (karyopherin	  alpha)	  binding	  site	  on	  the	  
influenza	   a	   virus	   nucleoprotein	  NP	   is	   a	   nonconventional	   nuclear	   localization	   signal.	   J	   Virol,	  
1997.	  71(3):	  p.	  1850-­‐6.	  
84.	   Weber,	  F.,	  et	  al.,	  A	  classical	  bipartite	  nuclear	  localization	  signal	  on	  Thogoto	  and	  influenza	  A	  
virus	  nucleoproteins.	  Virology,	  1998.	  250(1):	  p.	  9-­‐18.	  
85.	   Nieto,	   A.,	   et	   al.,	   Complex	   structure	   of	   the	   nuclear	   translocation	   signal	   of	   influenza	   virus	  
polymerase	  PA	  subunit.	  J	  Gen	  Virol,	  1994.	  75	  (	  Pt	  1):	  p.	  29-­‐36.	  
86.	   Cros,	   J.F.,	   A.	  Garcia-­‐Sastre,	   and	  P.	   Palese,	  An	  unconventional	  NLS	   is	   critical	   for	   the	  nuclear	  
import	   of	   the	   influenza	   A	   virus	   nucleoprotein	   and	   ribonucleoprotein.	   Traffic,	   2005.	  6(3):	   p.	  
205-­‐213.	  
87.	   Wu,	  W.W.H.,	  L.L.	  Weaver,	  and	  N.	  Pante,	  Ultrastructural	  analysis	  of	   the	  nuclear	   localization	  
sequences	  on	   influenza	  A	  ribonucleoprotein	  complexes.	   Journal	  of	  Molecular	  Biology,	  2007.	  
374(4):	  p.	  910-­‐916.	  
88.	   Martin,	   K.	   and	   A.	   Helenius,	   Transport	   of	   Incoming	   Influenza-­‐Virus	   Nucleocapsids	   into	   the	  
Nucleus.	  Journal	  of	  Virology,	  1991.	  65(1):	  p.	  232-­‐244.	  
89.	   Kemler,	   I.,	   G.	  Whittaker,	   and	   A.	   Helenius,	  Nuclear	   Import	   of	  Microinjected	   Influenza-­‐Virus	  
Ribonucleoproteins.	  Virology,	  1994.	  202(2):	  p.	  1028-­‐1033.	  
90.	   Oneill,	   R.E.,	   et	   al.,	   Nuclear	   Import	   of	   Influenza-­‐Virus	   Rna	   Can	   Be	   Mediated	   by	   Viral	  
Nucleoprotein	   and	   Transport	   Factors	   Required	   for	   Protein	   Import.	   Journal	   of	   Biological	  
Chemistry,	  1995.	  270(39):	  p.	  22701-­‐22704.	  
	  	   16	  
91.	   Satterly,	  N.,	  et	  al.,	  Influenza	  virus	  targets	  the	  mRNA	  export	  machinery	  and	  the	  nuclear	  pore	  
complex.	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences	  of	  the	  United	  States	  of	  America,	  
2007.	  104(6):	  p.	  1853-­‐1858.	  
92.	   Muhlbauer,	   D.,	   et	   al.,	   Influenza	   Virus-­‐Induced	   Caspase-­‐Dependent	   Enlargement	   of	   Nuclear	  
Pores	   Promotes	   Nuclear	   Export	   of	   Viral	   Ribonucleoprotein	   Complexes.	   Journal	   of	   Virology,	  
2015.	  89(11):	  p.	  6009-­‐6021.	  
93.	   Morita,	  M.,	   et	   al.,	  The	   Lipid	  Mediator	   Protectin	  D1	   Inhibits	   Influenza	  Virus	   Replication	   and	  
Improves	  Severe	  Influenza.	  Cell,	  2013.	  153(1):	  p.	  112-­‐125.	  
94.	   Babcock,	   H.P.,	   C.	   Chen,	   and	   X.W.	   Zhuang,	   Using	   single-­‐particle	   tracking	   to	   study	   nuclear	  
trafficking	  of	  viral	  genes.	  Biophysical	  Journal,	  2004.	  87(4):	  p.	  2749-­‐2758.	  
95.	   Cardone,	  G.,	   et	   al.,	  Visualization	   of	   the	   herpes	   simplex	   virus	   portal	   in	   situ	   by	   cryo-­‐electron	  
tomography.	  Virology,	  2007.	  361(2):	  p.	  426-­‐34.	  
96.	   Newcomb,	  W.W.,	  et	  al.,	  Structure	  of	  the	  herpes	  simplex	  virus	  capsid.	  Molecular	  composition	  
of	  the	  pentons	  and	  the	  triplexes.	  J	  Mol	  Biol,	  1993.	  232(2):	  p.	  499-­‐511.	  
97.	   Huet,	  A.,	  et	  al.,	  Extensive	  subunit	  contacts	  underpin	  herpesvirus	  capsid	  stability	  and	  interior-­‐
to-­‐exterior	  allostery.	  Nat	  Struct	  Mol	  Biol,	  2016.	  23(6):	  p.	  531-­‐9.	  
98.	   Kelly,	   B.J.,	   et	   al.,	  Functional	   roles	   of	   the	   tegument	   proteins	   of	   herpes	   simplex	   virus	   type	   1.	  
Virus	  Res,	  2009.	  145(2):	  p.	  173-­‐86.	  
99.	   Copeland,	  A.M.,	  W.W.	  Newcomb,	  and	  J.C.	  Brown,	  Herpes	  simplex	  virus	   replication:	   roles	  of	  
viral	  proteins	  and	  nucleoporins	  in	  capsid-­‐nucleus	  attachment.	  J	  Virol,	  2009.	  83(4):	  p.	  1660-­‐8.	  
100.	   Greber,	  U.F.,	  Viral	  trafficking	  violations	  in	  axons:	  the	  herpesvirus	  case.	  Proc	  Natl	  Acad	  Sci	  U	  S	  
A,	  2005.	  102(16):	  p.	  5639-­‐40.	  
101.	   Zhong,	  M.,	  et	  al.,	  Heat-­‐shock	  protein	  90	  promotes	  nuclear	  transport	  of	  herpes	  simplex	  virus	  1	  
capsid	  protein	  by	  interacting	  with	  acetylated	  tubulin.	  PLoS	  One,	  2014.	  9(6):	  p.	  e99425.	  
102.	   Douglas,	  M.W.,	  et	  al.,	  Herpes	  simplex	  virus	  type	  1	  capsid	  protein	  VP26	  interacts	  with	  dynein	  
light	   chains	   RP3	   and	   Tctex1	   and	   plays	   a	   role	   in	   retrograde	   cellular	   transport.	   J	   Biol	   Chem,	  
2004.	  279(27):	  p.	  28522-­‐30.	  
103.	   Antinone,	  S.E.,	  et	  al.,	  The	  Herpesvirus	  capsid	  surface	  protein,	  VP26,	  and	  the	  majority	  of	  the	  
tegument	   proteins	   are	   dispensable	   for	   capsid	   transport	   toward	   the	   nucleus.	   J	   Virol,	   2006.	  
80(11):	  p.	  5494-­‐8.	  
104.	   Abaitua,	  F.,	  et	  al.,	  A	  Nuclear	   localization	  signal	   in	  herpesvirus	  protein	  VP1-­‐2	   is	  essential	   for	  
infection	  via	  capsid	  routing	  to	  the	  nuclear	  pore.	  J	  Virol,	  2012.	  86(17):	  p.	  8998-­‐9014.	  
105.	   Pasdeloup,	  D.,	  et	  al.,	  Herpesvirus	  capsid	  association	  with	  the	  nuclear	  pore	  complex	  and	  viral	  
DNA	   release	   involve	   the	   nucleoporin	   CAN/Nup214	   and	   the	   capsid	   protein	   pUL25.	   J	   Virol,	  
2009.	  83(13):	  p.	  6610-­‐23.	  
106.	   Ojala,	  P.M.,	  et	  al.,	  Herpes	  simplex	  virus	  type	  1	  entry	   into	  host	  cells:	  reconstitution	  of	  capsid	  
binding	  and	  uncoating	  at	   the	  nuclear	  pore	   complex	   in	   vitro.	  Mol	  Cell	  Biol,	  2000.	  20(13):	  p.	  
4922-­‐31.	  
107.	   Jovasevic,	  V.,	  L.	  Liang,	  and	  B.	  Roizman,	  Proteolytic	  cleavage	  of	  VP1-­‐2	  is	  required	  for	  release	  of	  
herpes	  simplex	  virus	  1	  DNA	  into	  the	  nucleus.	  J	  Virol,	  2008.	  82(7):	  p.	  3311-­‐9.	  
108.	   Preston,	   V.G.,	   et	   al.,	   The	   UL25	   gene	   product	   of	   herpes	   simplex	   virus	   type	   1	   is	   involved	   in	  
uncoating	  of	  the	  viral	  genome.	  J	  Virol,	  2008.	  82(13):	  p.	  6654-­‐66.	  
109.	   Bauer,	  D.W.,	  et	  al.,	  Herpes	  virus	  genome,	  the	  pressure	  is	  on.	  J	  Am	  Chem	  Soc,	  2013.	  135(30):	  
p.	  11216-­‐21.	  
110.	   Bauer,	   D.W.,	   et	   al.,	   Exploring	   the	   Balance	   between	   DNA	   Pressure	   and	   Capsid	   Stability	   in	  
Herpesviruses	  and	  Phages.	  J	  Virol,	  2015.	  89(18):	  p.	  9288-­‐98.	  
111.	   Wang,	   J.H.,	   et	   al.,	  The	   crystal	   structure	  of	  an	  N-­‐terminal	   two-­‐domain	   fragment	  of	   vascular	  
cell	   adhesion	  molecule	   1	   (VCAM-­‐1):	   a	   cyclic	   peptide	   based	   on	   the	   domain	   1	   C-­‐D	   loop	   can	  
inhibit	  VCAM-­‐1-­‐alpha	  4	  integrin	  interaction.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A,	  1995.	  92(12):	  p.	  5714-­‐
8.	  
112.	   Baker,	  T.S.,	  J.	  Drak,	  and	  M.	  Bina,	  Reconstruction	  of	  the	  three-­‐dimensional	  structure	  of	  simian	  
virus	  40	  and	  visualization	  of	  the	  chromatin	  core.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A,	  1988.	  85(2):	  p.	  422-­‐
6.	  
	  	   17	  
113.	   Chen,	  X.S.,	  T.	  Stehle,	  and	  S.C.	  Harrison,	  Interaction	  of	  polyomavirus	  internal	  protein	  VP2	  with	  
the	  major	  capsid	  protein	  VP1	  and	  implications	  for	  participation	  of	  VP2	  in	  viral	  entry.	  EMBO	  J,	  
1998.	  17(12):	  p.	  3233-­‐40.	  
114.	   Gordon-­‐Shaag,	   A.,	   et	   al.,	   Cellular	   transcription	   factor	   Sp1	   recruits	   simian	   virus	   40	   capsid	  
proteins	  to	  the	  viral	  packaging	  signal,	  ses.	  J	  Virol,	  2002.	  76(12):	  p.	  5915-­‐24.	  
115.	   Burckhardt,	  C.J.	  and	  U.F.	  Greber,	  Redox	  rescues	  virus	  from	  ER	  trap.	  Nat	  Cell	  Biol,	  2008.	  10(1):	  
p.	  9-­‐11.	  
116.	   Schelhaas,	   M.,	   et	   al.,	   Simian	   Virus	   40	   depends	   on	   ER	   protein	   folding	   and	   quality	   control	  
factors	  for	  entry	  into	  host	  cells.	  Cell,	  2007.	  131(3):	  p.	  516-­‐29.	  
117.	   Inoue,	   T.,	   et	   al.,	  ERdj5	  Reductase	   Cooperates	  with	   Protein	  Disulfide	   Isomerase	   To	   Promote	  
Simian	   Virus	   40	   Endoplasmic	   Reticulum	  Membrane	   Translocation.	   J	   Virol,	   2015.	   89(17):	   p.	  
8897-­‐908.	  
118.	   Daniels,	  R.,	  et	  al.,	  SV40	  VP2	  and	  VP3	  insertion	  into	  ER	  membranes	  is	  controlled	  by	  the	  capsid	  
protein	  VP1:	  implications	  for	  DNA	  translocation	  out	  of	  the	  ER.	  Mol	  Cell,	  2006.	  24(6):	  p.	  955-­‐
66.	  
119.	   Geiger,	  R.,	  et	  al.,	  BAP31	  and	  BiP	  are	  essential	  for	  dislocation	  of	  SV40	  from	  the	  endoplasmic	  
reticulum	  to	  the	  cytosol.	  Nat	  Cell	  Biol,	  2011.	  13(11):	  p.	  1305-­‐14.	  
120.	   Inoue,	   T.	   and	   B.	   Tsai,	   A	   nucleotide	   exchange	   factor	   promotes	   endoplasmic	   reticulum-­‐to-­‐
cytosol	  membrane	  penetration	  of	  the	  nonenveloped	  virus	  simian	  virus	  40.	  J	  Virol,	  2015.	  89(8):	  
p.	  4069-­‐79.	  
121.	   Bagchi,	   P.,	   C.P.	  Walczak,	   and	   B.	   Tsai,	   The	   endoplasmic	   reticulum	  membrane	   J	   protein	   C18	  
executes	  a	  distinct	   role	   in	  promoting	   simian	  virus	  40	  membrane	  penetration.	   J	  Virol,	   2015.	  
89(8):	  p.	  4058-­‐68.	  
122.	   Kawano,	  M.A.,	  et	  al.,	  Calcium	  bridge	  triggers	  capsid	  disassembly	  in	  the	  cell	  entry	  process	  of	  
simian	  virus	  40.	  J	  Biol	  Chem,	  2009.	  284(50):	  p.	  34703-­‐12.	  
123.	   Clever,	   J.,	   D.A.	  Dean,	   and	  H.	   Kasamatsu,	   Identification	   of	   a	  DNA	  binding	   domain	   in	   simian	  
virus	  40	  capsid	  proteins	  Vp2	  and	  Vp3.	  J	  Biol	  Chem,	  1993.	  268(28):	  p.	  20877-­‐83.	  
124.	   Nakanishi,	  A.,	  et	  al.,	  Association	  with	  capsid	  proteins	  promotes	  nuclear	   targeting	  of	   simian	  
virus	  40	  DNA.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A,	  1996.	  93(1):	  p.	  96-­‐100.	  
125.	   Kuksin,	  D.	  and	  L.C.	  Norkin,	  Disassociation	  of	  the	  SV40	  genome	  from	  capsid	  proteins	  prior	  to	  
nuclear	  entry.	  Virol	  J,	  2012.	  9:	  p.	  158.	  
126.	   Goncalves,	   M.A.,	   Adeno-­‐associated	   virus:	   from	   defective	   virus	   to	   effective	   vector.	   Virol	   J,	  
2005.	  2:	  p.	  43.	  
127.	   Xie,	  Q.,	   et	   al.,	  The	  atomic	   structure	  of	  adeno-­‐associated	   virus	   (AAV-­‐2),	   a	   vector	   for	  human	  
gene	  therapy.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A,	  2002.	  99(16):	  p.	  10405-­‐10.	  
128.	   Nonnenmacher,	  M.	   and	   T.	  Weber,	  Adeno-­‐associated	   virus	   2	   infection	   requires	   endocytosis	  
through	  the	  CLIC/GEEC	  pathway.	  Cell	  Host	  Microbe,	  2011.	  10(6):	  p.	  563-­‐76.	  
129.	   Nonnenmacher,	  M.E.,	   et	   al.,	   Syntaxin	   5-­‐dependent	   retrograde	   transport	   to	   the	   trans-­‐Golgi	  
network	  is	  required	  for	  adeno-­‐associated	  virus	  transduction.	  J	  Virol,	  2015.	  89(3):	  p.	  1673-­‐87.	  
130.	   Girod,	   A.,	   et	   al.,	   The	   VP1	   capsid	   protein	   of	   adeno-­‐associated	   virus	   type	   2	   is	   carrying	   a	  
phospholipase	  A2	  domain	  required	  for	  virus	  infectivity.	  J	  Gen	  Virol,	  2002.	  83(Pt	  5):	  p.	  973-­‐8.	  
131.	   Bleker,	   S.,	   F.	   Sonntag,	   and	   J.A.	   Kleinschmidt,	  Mutational	   analysis	   of	   narrow	   pores	   at	   the	  
fivefold	   symmetry	   axes	   of	   adeno-­‐associated	   virus	   type	   2	   capsids	   reveals	   a	   dual	   role	   in	  
genome	  packaging	  and	  activation	  of	  phospholipase	  A2	  activity.	  J	  Virol,	  2005.	  79(4):	  p.	  2528-­‐
40.	  
132.	   Kronenberg,	  S.,	  et	  al.,	  A	  conformational	  change	  in	  the	  adeno-­‐associated	  virus	  type	  2	  capsid	  
leads	  to	  the	  exposure	  of	  hidden	  VP1	  N	  termini.	  J	  Virol,	  2005.	  79(9):	  p.	  5296-­‐303.	  
133.	   Salganik,	   M.,	   et	   al.,	   Evidence	   for	   pH-­‐dependent	   protease	   activity	   in	   the	   adeno-­‐associated	  
virus	  capsid.	  J	  Virol,	  2012.	  86(21):	  p.	  11877-­‐85.	  
134.	   Mani,	  B.,	  et	  al.,	  Low	  pH-­‐dependent	  endosomal	  processing	  of	  the	  incoming	  parvovirus	  minute	  
virus	  of	  mice	  virion	  leads	  to	  externalization	  of	  the	  VP1	  N-­‐terminal	  sequence	  (N-­‐VP1),	  N-­‐VP2	  
cleavage,	  and	  uncoating	  of	  the	  full-­‐length	  genome.	  J	  Virol,	  2006.	  80(2):	  p.	  1015-­‐24.	  
	  	   18	  
135.	   Sonntag,	   F.,	   et	   al.,	   Adeno-­‐associated	   virus	   type	   2	   capsids	   with	   externalized	   VP1/VP2	  
trafficking	   domains	   are	   generated	   prior	   to	   passage	   through	   the	   cytoplasm	   and	   are	  
maintained	  until	  uncoating	  occurs	  in	  the	  nucleus.	  J	  Virol,	  2006.	  80(22):	  p.	  11040-­‐54.	  
136.	   Wu,	   Z.,	   et	   al.,	   Single	   amino	   acid	   changes	   can	   influence	   titer,	   heparin	   binding,	   and	   tissue	  
tropism	  in	  different	  adeno-­‐associated	  virus	  serotypes.	  J	  Virol,	  2006.	  80(22):	  p.	  11393-­‐7.	  
137.	   Kelich,	   J.M.,	  et	  al.,	  Super-­‐resolution	   imaging	  of	  nuclear	   import	  of	  adeno-­‐associated	  virus	   in	  
live	  cells.	  Mol	  Ther	  Methods	  Clin	  Dev,	  2015.	  2:	  p.	  15047.	  
138.	   Pancera,	  M.,	   et	   al.,	   Structure	   of	   HIV-­‐1	   gp120	  with	   gp41-­‐interactive	   region	   reveals	   layered	  
envelope	  architecture	  and	  basis	  of	  conformational	  mobility.	  Proc	  Natl	  Acad	  Sci	  U	  S	  A,	  2010.	  
107(3):	  p.	  1166-­‐71.	  
139.	   Wyatt,	   R.	   and	   J.	   Sodroski,	   The	   HIV-­‐1	   envelope	   glycoproteins:	   fusogens,	   antigens,	   and	  
immunogens.	  Science,	  1998.	  280(5371):	  p.	  1884-­‐8.	  
140.	   Zhao,	   G.,	   et	   al.,	  Mature	   HIV-­‐1	   capsid	   structure	   by	   cryo-­‐electron	   microscopy	   and	   all-­‐atom	  
molecular	  dynamics.	  Nature,	  2013.	  497(7451):	  p.	  643-­‐6.	  
141.	   Jacques,	   D.A.,	   et	   al.,	   HIV-­‐1	   uses	   dynamic	   capsid	   pores	   to	   import	   nucleotides	   and	   fuel	  
encapsidated	  DNA	  synthesis.	  Nature,	  2016.	  536(7616):	  p.	  349-­‐53.	  
142.	   Malikov,	   V.,	   et	   al.,	   HIV-­‐1	   capsids	   bind	   and	   exploit	   the	   kinesin-­‐1	   adaptor	   FEZ1	   for	   inward	  
movement	  to	  the	  nucleus.	  Nature	  Communications,	  2015.	  6.	  
143.	   Fernandez,	   J.,	   et	   al.,	   Microtubule-­‐associated	   Proteins	   1	   (MAP1)	   Promote	   Human	  
Immunodeficiency	   Virus	   Type	   I	   (HIV-­‐1)	   Intracytoplasmic	   Routing	   to	   the	  Nucleus.	   Journal	   of	  
Biological	  Chemistry,	  2015.	  290(8):	  p.	  4631-­‐4646.	  
144.	   Bichel,	  K.,	   et	   al.,	  HIV-­‐1	   capsid	  undergoes	   coupled	  binding	  and	   isomerization	  by	   the	  nuclear	  
pore	  protein	  NUP358.	  Retrovirology,	  2013.	  10.	  
145.	   Di	   Nunzio,	   F.,	   et	   al.,	   Human	   Nucleoporins	   Promote	   HIV-­‐1	   Docking	   at	   the	   Nuclear	   Pore,	  
Nuclear	  Import	  and	  Integration.	  Plos	  One,	  2012.	  7(9).	  
146.	   Lukic,	  Z.,	  et	  al.,	  HIV-­‐1	  Uncoating	   Is	  Facilitated	  by	  Dynein	  and	  Kinesin	  1.	   Journal	  of	  Virology,	  
2014.	  88(23):	  p.	  13613-­‐13625.	  
147.	   Dharan,	   A.,	   et	   al.,	   KIF5B	   and	   Nup358	   Cooperatively	   Mediate	   the	   Nuclear	   Import	   of	   HIV-­‐1	  
during	  Infection.	  Plos	  Pathogens,	  2016.	  12(6).	  
148.	   Hulme,	   A.E.,	   et	   al.,	  Complementary	  Assays	   Reveal	   a	   Low	   Level	   of	   CA	  Associated	  with	  Viral	  
Complexes	   in	   the	  Nuclei	  of	  HIV-­‐1-­‐Infected	  Cells.	   Journal	  of	  Virology,	  2015.	  89(10):	  p.	  5350-­‐
5361.	  
149.	   Peng,	   K.,	   et	   al.,	   Quantitative	   microscopy	   of	   functional	   HIV	   post-­‐entry	   complexes	   reveals	  
association	  of	  replication	  with	  the	  viral	  capsid.	  Elife,	  2014.	  3.	  
150.	   Price,	   A.J.,	   et	   al.,	   CPSF6	   Defines	   a	   Conserved	   Capsid	   Interface	   that	   Modulates	   HIV-­‐1	  
Replication.	  Plos	  Pathogens,	  2012.	  8(8).	  
151.	   Matreyek,	  K.A.,	  et	  al.,	  Nucleoporin	  NUP153	  Phenylalanine-­‐Glycine	  Motifs	  Engage	  a	  Common	  
Binding	   Pocket	   within	   the	   HIV-­‐1	   Capsid	   Protein	   to	   Mediate	   Lentiviral	   Infectivity.	   Plos	  
Pathogens,	  2013.	  9(10).	  
152.	   Schaller,	  T.,	  et	  al.,	  HIV-­‐1	  Capsid-­‐Cyclophilin	  Interactions	  Determine	  Nuclear	  Import	  Pathway,	  
Integration	  Targeting	  and	  Replication	  Efficiency.	  Plos	  Pathogens,	  2011.	  7(12).	  
153.	   Liu,	   Z.L.,	   et	   al.,	   The	   Interferon-­‐Inducible	   MxB	   Protein	   Inhibits	   HIV-­‐1	   Infection.	   Cell	   Host	   &	  
Microbe,	  2013.	  14(4):	  p.	  398-­‐410.	  
154.	   Kane,	   M.,	   et	   al.,	  MX2	   is	   an	   interferon-­‐induced	   inhibitor	   of	   HIV-­‐1	   infection.	   Nature,	   2013.	  
502(7472):	  p.	  563-­‐+.	  
155.	   Goujon,	  C.,	  et	  al.,	  Human	  MX2	  is	  an	  interferon-­‐induced	  post-­‐entry	  inhibitor	  of	  HIV-­‐1	  infection.	  
Nature,	  2013.	  502(7472):	  p.	  559-­‐+.	  
156.	   Fribourgh,	  J.L.,	  et	  al.,	  Structural	   Insight	   into	  HIV-­‐1	  Restriction	  by	  MxB.	  Cell	  Host	  &	  Microbe,	  
2014.	  16(5):	  p.	  627-­‐638.	  
157.	   Opp,	  S.,	  et	  al.,	  MxB	  Is	  Not	  Responsible	  for	  the	  Blocking	  of	  HIV-­‐1	  Infection	  Observed	  in	  Alpha	  
Interferon-­‐Treated	  Cells.	  J	  Virol,	  2015.	  90(6):	  p.	  3056-­‐64.	  
158.	   Rohrmann,	  G.F.,	  in	  Baculovirus	  Molecular	  Biology.	  2013:	  Bethesda	  (MD).	  
	  	   19	  
159.	   Au,	  S.,	  W.	  Wu,	  and	  N.	  Pante,	  Baculovirus	  nuclear	  import:	  open,	  nuclear	  pore	  complex	  (NPC)	  
sesame.	  Viruses,	  2013.	  5(7):	  p.	  1885-­‐900.	  
160.	   Fraser,	   M.J.,	   Ultrastructural	   Observations	   of	   Virion	   Maturation	   in	   Autographa-­‐Californica	  
Nuclear	   Polyhedrosis-­‐Virus	   Infected	   Spodoptera-­‐Frugiperda	   Cell-­‐Cultures.	   Journal	   of	  
Ultrastructure	  and	  Molecular	  Structure	  Research,	  1986.	  95(1-­‐3):	  p.	  189-­‐195.	  
161.	   Li,	  A.,	  et	  al.,	  Posttranslational	  Modifications	  of	  Baculovirus	  Protamine-­‐Like	  Protein	  P6.9	  and	  
the	   Significance	   of	   Its	   Hyperphosphorylation	   for	   Viral	   Very	   Late	   Gene	   Hyperexpression.	  
Journal	  of	  Virology,	  2015.	  89(15):	  p.	  7646-­‐7659.	  
162.	   Wilson,	  M.E.	  and	  R.A.	  Consigli,	  Functions	  of	  a	  Protein-­‐Kinase	  Activity	  Associated	  with	  Purified	  
Capsids	   of	   the	   Granulosis-­‐Virus	   Infecting	   Plodia-­‐Interpunctella.	   Virology,	   1985.	   143(2):	   p.	  
526-­‐535.	  
163.	   Funk,	  C.J.	  and	  R.A.	  Consigli,	  Phosphate	  Cycling	  on	  the	  Basic-­‐Protein	  of	  Plodia-­‐Interpunctella	  
Granulosis-­‐Virus.	  Virology,	  1993.	  193(1):	  p.	  396-­‐402.	  
164.	   Ohkawa,	  T.,	  L.E.	  Volkman,	  and	  M.D.	  Welch,	  Actin-­‐based	  motility	  drives	  baculovirus	  transit	  to	  
the	  nucleus	  and	  cell	  surface.	  Journal	  of	  Cell	  Biology,	  2010.	  190(2):	  p.	  187-­‐195.	  
165.	   Mueller,	   J.,	   et	   al.,	   Electron	   Tomography	   and	   Simulation	   of	   Baculovirus	   Actin	   Comet	   Tails	  
Support	  a	  Tethered	  Filament	  Model	  of	  Pathogen	  Propulsion.	  Plos	  Biology,	  2014.	  12(1).	  
166.	   Welch,	   M.D.,	   A.	   Iwamatsu,	   and	   T.J.	   Mitchison,	   Actin	   polymerization	   is	   induced	   by	   Arp2/3	  
protein	  complex	  at	  the	  surface	  of	  Listeria	  monocytogenes.	  Nature,	  1997.	  385(6613):	  p.	  265-­‐
269.	  
167.	   Frischknecht,	  F.,	  et	  al.,	  Actin-­‐based	  motility	  of	  vaccinia	  virus	  mimics	  receptor	  tyrosine	  kinase	  
signalling.	  Nature,	  1999.	  401(6756):	  p.	  926-­‐929.	  
168.	   Gouin,	   E.,	   M.D.	   Welch,	   and	   P.	   Cossart,	   Actin-­‐based	   motility	   of	   intracellular	   pathogens.	  
Current	  Opinion	  in	  Microbiology,	  2005.	  8(1):	  p.	  35-­‐45.	  
169.	   Fang,	   Z.X.,	   et	   al.,	   The	   Autographa	   californica	  multiple	   nucleopolyhedrovirus	   Ac132	   plays	   a	  
role	  in	  nuclear	  entry.	  Journal	  of	  General	  Virology,	  2016.	  97:	  p.	  3030-­‐3038.	  
170.	   Au,	   S.,	   et	   al.,	   A	   new	   mechanism	   for	   nuclear	   import	   by	   actin-­‐based	   propulsion	   used	   by	   a	  
baculovirus	  nucleocapsid.	  J	  Cell	  Sci,	  2016.	  129(15):	  p.	  2905-­‐11.	  
171.	   Au,	   S.	   and	  N.	   Pante,	  Nuclear	   transport	   of	   baculovirus:	   revealing	   the	   nuclear	   pore	   complex	  
passage.	  J	  Struct	  Biol,	  2012.	  177(1):	  p.	  90-­‐8.	  
172.	   Selzer,	  L.,	  S.P.	  Katen,	  and	  A.	  Zlotnick,	  The	  hepatitis	  B	  virus	  core	  protein	  intradimer	  interface	  
modulates	  capsid	  assembly	  and	  stability.	  Biochemistry,	  2014.	  53(34):	  p.	  5496-­‐504.	  
173.	   Yu,	  X.,	  et	  al.,	  3.5A	  cryoEM	  structure	  of	  hepatitis	  B	  virus	  core	  assembled	  from	  full-­‐length	  core	  
protein.	  PLoS	  One,	  2013.	  8(9):	  p.	  e69729.	  
174.	   Conway,	   J.F.,	  et	  al.,	  Visualization	  of	  a	  4-­‐helix	  bundle	   in	   the	  hepatitis	  B	  virus	  capsid	  by	  cryo-­‐
electron	  microscopy.	  Nature,	  1997.	  386(6620):	  p.	  91-­‐4.	  
175.	   Nassal,	  M.,	  Hepatitis	  B	  viruses:	  reverse	  transcription	  a	  different	  way.	  Virus	  Res,	  2008.	  134(1-­‐
2):	  p.	  235-­‐49.	  
176.	   Beck,	   J.	   and	  M.	  Nassal,	  Hepatitis	  B	  virus	   replication.	  World	   J	  Gastroenterol,	  2007.	  13(1):	  p.	  
48-­‐64.	  
177.	   Porterfield,	   J.Z.,	   et	   al.,	   Full-­‐length	   hepatitis	   B	   virus	   core	   protein	   packages	   viral	   and	  
heterologous	  RNA	  with	  similarly	  high	  levels	  of	  cooperativity.	  J	  Virol,	  2010.	  84(14):	  p.	  7174-­‐84.	  
178.	   Crowther,	   R.A.,	   et	   al.,	   Three-­‐dimensional	   structure	   of	   hepatitis	   B	   virus	   core	   particles	  
determined	  by	  electron	  cryomicroscopy.	  Cell,	  1994.	  77(6):	  p.	  943-­‐50.	  
179.	   Venkatakrishnan,	   B.	   and	  A.	   Zlotnick,	  The	   Structural	   Biology	   of	   Hepatitis	   B	   Virus:	   Form	  and	  
Function.	  Annu	  Rev	  Virol,	  2016.	  3(1):	  p.	  429-­‐451.	  
180.	   Ueda,	  K.,	  T.	  Tsurimoto,	  and	  K.	  Matsubara,	  Three	  envelope	  proteins	  of	  hepatitis	  B	  virus:	  large	  
S,	  middle	  S,	  and	  major	  S	  proteins	  needed	  for	  the	  formation	  of	  Dane	  particles.	   J	  Virol,	  1991.	  
65(7):	  p.	  3521-­‐9.	  
181.	   Bruss,	  V.	  and	  D.	  Ganem,	  The	  role	  of	  envelope	  proteins	  in	  hepatitis	  B	  virus	  assembly.	  Proc	  Natl	  
Acad	  Sci	  U	  S	  A,	  1991.	  88(3):	  p.	  1059-­‐63.	  
182.	   Seeger,	  C.	  and	  W.S.	  Mason,	  Hepatitis	  B	  virus	  biology.	  Microbiol	  Mol	  Biol	  Rev,	  2000.	  64(1):	  p.	  
51-­‐68.	  
	  	   20	  
183.	   Macovei,	   A.,	   et	   al.,	   Hepatitis	   B	   virus	   requires	   intact	   caveolin-­‐1	   function	   for	   productive	  
infection	  in	  HepaRG	  cells.	  J	  Virol,	  2010.	  84(1):	  p.	  243-­‐53.	  
184.	   Cooper,	  A.	  and	  Y.	  Shaul,	  Clathrin-­‐mediated	  endocytosis	  and	  lysosomal	  cleavage	  of	  hepatitis	  B	  
virus	  capsid-­‐like	  core	  particles.	  J	  Biol	  Chem,	  2006.	  281(24):	  p.	  16563-­‐9.	  
185.	   Rabe,	  B.,	  et	  al.,	  Nuclear	  import	  of	  hepatitis	  B	  virus	  capsids	  and	  release	  of	  the	  viral	  genome.	  
Proc	  Natl	  Acad	  Sci	  U	  S	  A,	  2003.	  100(17):	  p.	  9849-­‐54.	  
186.	   Schmitz,	  A.,	  et	  al.,	  Nucleoporin	  153	  arrests	  the	  nuclear	  import	  of	  hepatitis	  B	  virus	  capsids	  in	  
the	  nuclear	  basket.	  PLoS	  Pathog,	  2010.	  6(1):	  p.	  e1000741.	  
187.	   Bergelson,	   J.M.,	   et	   al.,	   Isolation	   of	   a	   common	   receptor	   for	   Coxsackie	   B	   viruses	   and	  
adenoviruses	  2	  and	  5.	  Science,	  1997.	  275(5304):	  p.	  1320-­‐3.	  
188.	   Chiu,	   C.Y.,	   et	   al.,	   Structure	   of	   adenovirus	   complexed	   with	   its	   internalization	   receptor,	  
alphavbeta5	  integrin.	  J	  Virol,	  1999.	  73(8):	  p.	  6759-­‐68.	  
189.	   Wiethoff,	  C.M.,	  et	  al.,	  Adenovirus	  protein	  VI	  mediates	  membrane	  disruption	  following	  capsid	  
disassembly.	  J	  Virol,	  2005.	  79(4):	  p.	  1992-­‐2000.	  
190.	   Meier,	  O.	  and	  U.F.	  Greber,	  Adenovirus	  endocytosis.	  J	  Gene	  Med,	  2003.	  5(6):	  p.	  451-­‐62.	  
191.	   Rogers,	   G.N.,	   et	   al.,	   Single	   amino	   acid	   substitutions	   in	   influenza	   haemagglutinin	   change	  
receptor	  binding	  specificity.	  Nature,	  1983.	  304(5921):	  p.	  76-­‐8.	  
192.	   Lakadamyali,	  M.,	  M.J.	  Rust,	  and	  X.	  Zhuang,	  Endocytosis	  of	  influenza	  viruses.	  Microbes	  Infect,	  
2004.	  6(10):	  p.	  929-­‐36.	  
193.	   Amorim,	   M.J.,	   et	   al.,	   A	   Rab11-­‐	   and	   microtubule-­‐dependent	   mechanism	   for	   cytoplasmic	  
transport	  of	  influenza	  A	  virus	  viral	  RNA.	  J	  Virol,	  2011.	  85(9):	  p.	  4143-­‐56.	  
194.	   Avilov,	  S.V.,	  et	  al.,	  Influenza	  A	  virus	  progeny	  vRNP	  trafficking	  in	  live	  infected	  cells	  studied	  with	  
the	  virus-­‐encoded	  fluorescently	  tagged	  PB2	  protein.	  Vaccine,	  2012.	  30(51):	  p.	  7411-­‐7.	  
195.	   Eisfeld,	   A.J.,	   G.	   Neumann,	   and	   Y.	   Kawaoka,	   At	   the	   centre:	   influenza	   A	   virus	  
ribonucleoproteins.	  Nature	  Reviews	  Microbiology,	  2015.	  13(1):	  p.	  28-­‐41.	  
196.	   Laquerre,	   S.,	   et	   al.,	  Heparan	   sulfate	   proteoglycan	   binding	   by	   herpes	   simplex	   virus	   type	   1	  
glycoproteins	  B	  and	  C,	  which	  differ	   in	   their	   contributions	   to	   virus	  attachment,	   penetration,	  
and	  cell-­‐to-­‐cell	  spread.	  Journal	  of	  Virology,	  1998.	  72(7):	  p.	  6119-­‐6130.	  
197.	   Spear,	  P.G.,	  Herpes	  simplex	  virus:	  receptors	  and	  ligands	  for	  cell	  entry.	  Cellular	  Microbiology,	  
2004.	  6(5):	  p.	  401-­‐410.	  
198.	   Heldwein,	  E.E.,	  et	  al.,	  Crystal	  structure	  of	  glycoprotein	  B	  from	  herpes	  simplex	  virus	  1.	  Science,	  
2006.	  313(5784):	  p.	  217-­‐220.	  
199.	   Chowdary,	   T.K.,	   et	   al.,	   Crystal	   structure	   of	   the	   conserved	   herpesvirus	   fusion	   regulator	  
complex	  gH-­‐gL.	  Nature	  Structural	  &	  Molecular	  Biology,	  2010.	  17(7):	  p.	  882-­‐U136.	  
200.	   Cooper,	   R.S.	   and	   E.E.	   Heldwein,	  Herpesvirus	   gB:	   A	   Finely	   Tuned	   Fusion	  Machine.	   Viruses-­‐
Basel,	  2015.	  7(12):	  p.	  6552-­‐6569.	  
201.	   Dohner,	  K.,	  et	  al.,	  Function	  of	  dynein	  and	  dynactin	   in	  herpes	  simplex	  virus	  capsid	  transport.	  
Molecular	  Biology	  of	  the	  Cell,	  2002.	  13(8):	  p.	  2795-­‐2809.	  
202.	   Newcomb,	  W.W.,	   et	   al.,	  The	  UL6	   gene	   product	   forms	   the	   portal	   for	   entry	   of	  DNA	   into	   the	  
herpes	  simplex	  virus	  capsid.	  Journal	  of	  Virology,	  2001.	  75(22):	  p.	  10923-­‐10932.	  
203.	   Tsai,	  B.,	  et	  al.,	  Gangliosides	  are	  receptors	  for	  murine	  polyoma	  virus	  and	  SV40.	  EMBO	  J,	  2003.	  
22(17):	  p.	  4346-­‐55.	  
204.	   Engel,	  S.,	  et	  al.,	  Role	  of	  endosomes	  in	  simian	  virus	  40	  entry	  and	  infection.	  J	  Virol,	  2011.	  85(9):	  
p.	  4198-­‐211.	  
205.	   O'Donnell,	   J.,	   K.A.	   Taylor,	   and	   M.S.	   Chapman,	   Adeno-­‐associated	   virus-­‐2	   and	   its	   primary	  
cellular	  receptor-­‐-­‐Cryo-­‐EM	  structure	  of	  a	  heparin	  complex.	  Virology,	  2009.	  385(2):	  p.	  434-­‐43.	  
206.	   Qing,	  K.,	  et	  al.,	  Human	   fibroblast	  growth	   factor	   receptor	  1	   is	  a	   co-­‐receptor	   for	   infection	  by	  
adeno-­‐associated	  virus	  2.	  Nature	  Medicine,	  1999.	  5(1):	  p.	  71-­‐77.	  
207.	   Summerford,	   C.,	   J.S.	   Bartlett,	   and	   R.J.	   Samulski,	   AlphaVbeta5	   integrin:	   a	   co-­‐receptor	   for	  
adeno-­‐associated	  virus	  type	  2	  infection.	  Nat	  Med,	  1999.	  5(1):	  p.	  78-­‐82.	  
208.	   Kashiwakura,	   Y.,	   et	   al.,	   Hepatocyte	   growth	   factor	   receptor	   is	   a	   coreceptor	   for	   adeno-­‐
associated	  virus	  type	  2	  infection.	  Journal	  of	  Virology,	  2005.	  79(1):	  p.	  609-­‐614.	  
	  	   21	  
209.	   Asokan,	  A.,	  et	  al.,	  Adeno-­‐associated	  virus	  type	  2	  contains	  an	  integrin	  alpha	  5	  beta	  1	  binding	  
domain	  essential	  for	  viral	  cell	  entry.	  Journal	  of	  Virology,	  2006.	  80(18):	  p.	  8961-­‐8969.	  
210.	   Pillay,	   S.,	   et	   al.,	   An	   essential	   receptor	   for	   adeno-­‐associated	   virus	   infection.	   Nature,	   2016.	  
530(7588):	  p.	  108-­‐12.	  
211.	   Stahnke,	  S.,	  et	  al.,	  Intrinsic	  phospholipase	  A2	  activity	  of	  adeno-­‐associated	  virus	  is	  involved	  in	  
endosomal	  escape	  of	  incoming	  particles.	  Virology,	  2011.	  409(1):	  p.	  77-­‐83.	  
212.	   Hirosue,	   S.,	   et	  al.,	  Effect	  of	   inhibition	  of	  dynein	   function	  and	  microtubule-­‐altering	  drugs	  on	  
AAV2	  transduction.	  Virology,	  2007.	  367(1):	  p.	  10-­‐8.	  
213.	   Kelkar,	   S.,	   et	   al.,	   A	   common	   mechanism	   for	   cytoplasmic	   dynein-­‐dependent	   microtubule	  
binding	  shared	  among	  adeno-­‐associated	  virus	  and	  adenovirus	  serotypes.	  Journal	  of	  Virology,	  
2006.	  80(15):	  p.	  7781-­‐7785.	  
214.	   Akache,	  B.,	  et	  al.,	  A	  two-­‐hybrid	  screen	  identifies	  cathepsins	  B	  and	  L	  as	  uncoating	  factors	  for	  
adeno-­‐associated	  virus	  2	  and	  8.	  Molecular	  Therapy,	  2007.	  15(2):	  p.	  330-­‐339.	  
215.	   Douar,	  A.M.,	  et	  al.,	   Intracellular	  trafficking	  of	  adeno-­‐associated	  virus	  vectors:	  routing	  to	  the	  
late	  endosomal	  compartment	  and	  proteasome	  degradation.	  J	  Virol,	  2001.	  75(4):	  p.	  1824-­‐33.	  
216.	   Wilen,	  C.B.,	  J.C.	  Tilton,	  and	  R.W.	  Doms,	  HIV:	  cell	  binding	  and	  entry.	  Cold	  Spring	  Harb	  Perspect	  
Med,	  2012.	  2(8).	  
217.	   Yang,	   S.T.,	   et	   al.,	  HIV	   gp41-­‐mediated	  membrane	   fusion	   occurs	   at	   edges	   of	   cholesterol-­‐rich	  
lipid	  domains.	  Nature	  Chemical	  Biology,	  2015.	  11(6):	  p.	  424-­‐+.	  
218.	   Campbell,	   E.M.	  and	  T.J.	  Hope,	  HIV-­‐1	  capsid:	   the	  multifaceted	  key	  player	   in	  HIV-­‐1	   infection.	  
Nat	  Rev	  Microbiol,	  2015.	  13(8):	  p.	  471-­‐83.	  
219.	   Duisit,	   G.,	   et	   al.,	   Baculovirus	   vector	   requires	   electrostatic	   interactions	   including	   heparan	  
sulfate	  for	  efficient	  gene	  transfer	  in	  mammalian	  cells.	  Journal	  of	  Gene	  Medicine,	  1999.	  1(2):	  
p.	  93-­‐102.	  
220.	   Tani,	   H.,	   et	   al.,	   Characterization	   of	   cell-­‐surface	   determinants	   important	   for	   baculovirus	  
infection.	  Virology,	  2001.	  279(1):	  p.	  343-­‐353.	  
221.	   Blissard,	   G.W.	   and	   J.R.	   Wenz,	   Baculovirus	   Gp64	   Envelope	   Glycoprotein	   Is	   Sufficient	   to	  
Mediate	  Ph-­‐Dependent	  Membrane-­‐Fusion.	  Journal	  of	  Virology,	  1992.	  66(11):	  p.	  6829-­‐6835.	  
222.	   Yan,	  H.,	   et	   al.,	  Sodium	   taurocholate	   cotransporting	  polypeptide	   is	  a	   functional	   receptor	   for	  
human	  hepatitis	  B	  and	  D	  virus.	  Elife,	  2012.	  1.	  
223.	   Schulze,	  A.,	  P.	  Gripon,	  and	  S.	  Urban,	  Hepatitis	  B	  virus	  infection	  initiates	  with	  a	  large	  surface	  
protein-­‐dependent	   binding	   to	   heparan	   sulfate	   proteoglycans.	   Hepatology,	   2007.	   46(6):	   p.	  
1759-­‐1768.	  
224.	   Liu,	  Q.S.,	  M.	  Somiya,	  and	  S.	  Kuroda,	  Elucidation	  of	  the	  early	  infection	  machinery	  of	  hepatitis	  
B	  virus	  by	  using	  bio-­‐nanocapsule.	  World	  Journal	  of	  Gastroenterology,	  2016.	  22(38):	  p.	  8489-­‐
8496.	  
225.	   Bremer,	   C.M.,	   et	   al.,	   Hepatitis	   B	   virus	   infection	   is	   dependent	   on	   cholesterol	   in	   the	   viral	  
envelope.	  Cellular	  Microbiology,	  2009.	  11(2):	  p.	  249-­‐260.	  
226.	   Huang,	  H.C.,	  et	  al.,	  Entry	  of	  Hepatitis	  B	  Virus	  into	  Immortalized	  Human	  Primary	  Hepatocytes	  
by	  Clathrin-­‐Dependent	  Endocytosis.	  Journal	  of	  Virology,	  2012.	  86(17):	  p.	  9443-­‐9453.	  
227.	   Macovei,	   A.,	   et	   al.,	   Hepatitis	   B	   Virus	   Requires	   Intact	   Caveolin-­‐1	   Function	   for	   Productive	  
Infection	  in	  HepaRG	  Cells.	  Journal	  of	  Virology,	  2010.	  84(1):	  p.	  243-­‐253.	  
228.	   Kann,	  M.,	  A.	  Schmitz,	  and	  B.	  Rabe,	  Intracellular	  transport	  of	  hepatitis	  B	  virus.	  World	  Journal	  
of	  Gastroenterology,	  2007.	  13(1):	  p.	  39-­‐47.	  
229.	   Kronenberg,	   S.,	   J.A.	   Kleinschmidt,	   and	   B.	   Bottcher,	   Electron	   cryo-­‐microscopy	   and	   image	  
reconstruction	  of	   adeno-­‐associated	   virus	   type	  2	   empty	   capsids.	   EMBO	  Rep,	   2001.	  2(11):	   p.	  
997-­‐1002.	  
230.	   Rose,	  A.S.	  and	  P.W.	  Hildebrand,	  NGL	  Viewer:	  a	  web	  application	  for	  molecular	  visualization.	  
Nucleic	  Acids	  Res,	  2015.	  43(W1):	  p.	  W576-­‐9.	  
231.	   Wang,	  J.C.,	  M.S.	  Dhason,	  and	  A.	  Zlotnick,	  Structural	  organization	  of	  pregenomic	  RNA	  and	  the	  
carboxy-­‐terminal	  domain	  of	  the	  capsid	  protein	  of	  hepatitis	  B	  virus.	  PLoS	  Pathog,	  2012.	  8(9):	  
p.	  e1002919.	  
	  	   22	  
  
 
 
Fig. 1. Preparing for delivery at the NPC. During cell entry, capsids will uncoat in a 
stepwise gain-of-function process termed uncoating that primes incoming virus particles for 
docking at the NPC. Initial interactions with surface receptors introduce mechanical stress 
and initiate capsid disassembly, which continues under the guidance of cellular cues during 
endocytic uptake, cytoplasmic trafficking, and in some cases, even after attaching to the 
cytoplasmic face of the NPC. 
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Table 1: Viral and cellular requirements for reaching the NPC 
Virus 
Particle 
Cellular 
attachment 
Uptake 
Route 
Intracellular  
Transport 
Genome  
Uncoating 
 
Adenovirus 
type 5 (Ad5) 
Ad5 fiber knob 
binds CAR [187]. 
Ad5 penton base 
RGD binds αv 
integrins [188]. 
Particles enter mainly 
via clathrin-mediated 
endocytosis and disrupt 
endosomes via protein 
VI [189, 190]. 
Hexon HVR1 
binds dynein for 
movement 
towards the NPC 
[53]. 
Detachment of fiber and weakening of the capsid vertex 
regions requires CAR, integrins, and actomyosin-2 drifts 
[77]. Final disassembly occurs at the NPC and is mediated 
by protein IX, Nup358, and the light chain of kinesin-1 [59, 
60]. 
 
Influenza A 
Virus (IAV) 
Hemagglutinin 
(HA) binds to 
sialic acids (e.g., 
α2,6-linked) [191]. 
Particles gain access 
mainly through clathrin-
mediated endocytosis 
[192].  
Intracellular 
transport involves 
diffusion/short-
range movements 
along actin [94, 
193, 194]. 
Endosomal destabilization starts when H+ and K+ flow 
through M2 channels. After fusion, the eight viral 
ribonucleoproteins (vRNPs) disassociate from the matrix 
using unanchored ubiquitin chains, which activate the 
aggresome pathway, and with the help of cytoskeletal 
motors, completes uncoating [74, 195]. 
 
Herpes 
simplex 
virus type 1 
(HSV1) 
gB/gC use heparin 
sulfate for 
attachment [196]. 
gD binds HVEM, 
nectins, or sites in 
heparin sulfate 
generated by 3-O-
sulfotransferases 
[197]. 
Virion envelopes fuse 
with host membranes in 
a process driven by a 
large structural 
rearrangement of the 
trimeric fusogen gB, 
with help from gD and 
gH/gL [198-200].  
Dynein and 
dynactin are 
required for 
efficient capsid 
transport along 
microtubules to 
the nucleus [201].  
Post-fusion content mixing initiates shedding of a large 
portion of tegument away from the DNA-containing capsid, 
although at a few tegument proteins remain associated all 
the way to the nucleus. Upon arriving at the nucleus, a 
single vertex opens and releases the dsDNA with help from 
pUL36 and pUL25 [107, 108, 202]. 
 
Simian  
virus 40 
(SV40) 
SV40 uses the 
GM1 ganglioside, 
a branched glycan 
carrying α2,3-
linked sialic acid 
on one of its two 
branches as its 
cellular receptor 
[203].  
 
Uptake occurs via 
endocytic organelles 
until transfer into the 
ER lumen [204]. 
Upon penetrating 
the ER and 
reaching the 
cytoplasm, viral 
DNA is escorted 
to the nucleus by 
the NLS-
containing capsid 
proteins VP2 and 
VP3 [123, 124]. 
The SV40 capsid doesn’t seem to change until entering the 
ER lumen where proteins such as ERp57, ERdj5, and 
protein-disulfide isomerase induce structural rearrangements 
that expose a hydrophobic stretch critical for BAP3-
mediated ER penetration.  Escape to the cytoplasm is 
followed by loss of interchain disulfides and calcium 
depletion, which causes the VP1 capsid to fall apart [115-
122].  
 
Adeno-
associated 
virus type 2 
(AAV2) 
AAV2 targets 
HSPG along with 
co-receptors: 
AAVR, FGFR, 
HGFR, 36/67 kDa 
lamin receptor, or 
αvβ1/αvβ5 integrins 
[205-210].  
Virus is taken up via 
CLIC/GEEC. Transport 
to cytoplasm depends 
on the endosome-to-
TGN transport 
machinery and exposure 
of PLA2 in theVP1 N 
termini [128, 211]. 
Modes of 
transport include 
dynein-mediated 
and microtuble-
independent 
processes [212, 
213]. 
  
Structural changes have not been observed during early 
entry. In endosomes, VP1 undergoes small conformational 
changes brought on by cleavages (cathepsins B and L) and 
by acidification, which for one, helps expose the PLA2 
sequence, needed for TGN/Golgi apparatus escape. 
Cytoplasmic AAV2 is small enough (~ 26 nm diameter) to 
pass through the NPC central channel intact. Uncoating 
happens after nuclear import [214, 215].   
 
Human 
immuno- 
deficiency 
virus type 1 
(HIV1) 
HIV1 envelope 
glycoprotein 
(ENV) binds to 
CD4 and the 
chemokine co-
receptor CCR5 or 
CXCR4 on the cell 
surface [216]. 
gp120 binds CD4 and 
rearranges to engage co-
receptor, allowing the 
distal tip of gp41 to 
insert and mediate 
fusion at the edges of 
cholesterol-rich lipid 
domains in the host 
membrane [139, 217].  
Moves using 
kinesin-1 and 
dynein. The 
process is 
regulated by 
FEZ1 and 
promoted by 
MAP1 [142, 143, 
146]. 
The HIV capsid remains largely intact as it traverses the 
cytoplasm, and it is during this time that nucleotides are 
imported through dynamic, selective pores in the CA 
hexamers for reverse transcription. Nascent, polymerized 
viral DNA likely induces stress on the structure of the 
capsid, which when bound at the NPC, appears to uncoat by 
a Nup358/kinesin-mediated ‘tug of war’ like mechanism 
[141, 218]. 
 
 
Autographa 
californica  
multiple 
nucleopoly-
hedrovirus 
(AcMNPV) 
The receptor has 
not yet been 
described, but it is 
thought that gp64 
binds to heparin 
sulfate or a surface 
phospholipid [219, 
220]. 
Virus is primarily 
internalized via 
clathrin-mediated 
endocytosis. Drop in pH 
triggers gp64, which is 
a class III fusion 
protein, acting similar 
to HSV1 gB [221].    
The nucleocapsid 
is propelled 
through the 
cytoplasm by 
generating a 
fishbone-like 
array of actin 
filaments [165].  
The capsid does not uncoat before nuclear import, but rather 
docks at the NPC and passes through the central channel 
intact, after which uncoating of the circular, supercoiled 
DNA occurs [171]. 
 
Hepatitis B 
virus (HBV) 
 
HBV first binds 
HPSG and then the 
pre-S1 domain of 
envelope protein L 
interacts with the 
liver bile 
transporter, NTCP 
[222-224].  
Caveolin-1 and clathrin-
mediated pathways lead 
to infection. Fusion 
occurs at plasma or 
endosome membranes 
and cholesterol is 
important for escape 
[225-227]. 
Following fusion 
of viral envelope 
with membrane, 
nucelocapsids are 
actively 
transported via 
microtubules to 
the nucleus [228].  
The HBV capsid is small enough to pass through the NPC 
intact, which afterwards, the genome is released in a 
regulated fashion [185].  
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Fig 2. Viruses of different shapes and sizes transport genomes through NPCs. The eight 
viruses discussed in this review are shown to scale with the NPC. Ad5, HSV1 and HIV1 use 
so-called forced break-in to translocate nucleic acids into the nucleus, whereas IAV, SV40, 
AAV2, AcMNPV and HBV are shape fitting. Ad5 is depicted as a cross-section of cryo-EM 
density with a stylized core of dsDNA packaged with viral proteins adapted from [47]. IAV is 
shown as negative-sense RNA devoid of M1. HSV1 (EMD- 6386) was visualized in chimera 
with protein-free dsDNA colored red. SV40 is displayed as a disulfide reshuffled weakened 
capsid enclosing circular dsDNA packaged with cellular histones. AAV2 capsid is based on 
the work of Kronenberg et al. [229]. HIV1 nucleocapsid (PDB: 3J3Q) is represented using 
NGL viewer [230]. AcMNPV is a bullet-shaped with a polarized actin nucleation site 
(purple). HBV capsid is based on the work of Wang et al. [231]. The NPC structure is based 
on the work of Eibauer et al. [20]. The central channel of the NPC is empty in the displayed 
cryo-ET reconstruction as it contains the permeability barrier made of natively unfolded FG 
proteins.  
